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INTRODUCTION

The main purpose of the research supported under this contract was

to measure the photodissociation cross sections of positive ions

occurring in the D-region of the ionosphere and in other ionized gases

important in Army applications. The ionosphere is of importance to the

Army because the free electron density in that region directly affects

radar and radio transmission. This density is controlled by ion

chemistry and photochemistry. Positive ion photodissociation rates are

thus needed for modeling calculations of the ionosphere under normal

and disturbed conditions. We have studied the photodissociation of

important atmospheric positive ions from 3500 to 8500 1 and have

estimated the effect of such processes on the D-region ion chemistry.

We have also studied the photodissociation of rare gas dimer ions,

which are important in the development of excimer lasers.

A second goal of these investigations was to examine the electronic

states and bonding of weakly bound positive ions, such as the ionospheric

cluster ions. Photodissociation of positive ions can be an important

power-loss process in e-beam and gas discharge lasers, and a genctal
model should prove useful in future developme',ts and applications of

interest to the U.S. Amy.

RESEAUCH PROGRMX

During the first contract year, measurem-ents were begun on the

Photodisgociation cross sections of a large oumber of attospheric

poraitive ions from 5300 to 6700 ),using the drift tube maass sctrtetr-

tunable dye laser apparatus. Dimer iois such as NON.0÷ had large cross

sections, and the- teasurements were affected by diffusion. In contrast
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to our measurements with negative atmospheric ions, fast equilibrium

reactions couple many of the positive cluster ions studied and were

also found to affect the measurements. We successfully modeled these

systems kinetically, and by careful control and variation of drift

tube conditions we have been able to eliminate this source of error in

the measurements. This work is summarized in the paper "Photodissociation

of Atmospheric Positive Ions I. 5300-6700 A," published in The

Journal of Chemical Physics; this paper is attached as Appendix A.

Also during this year, we completed construction of the photo-

fragment spectrometer, which can provide more detailed measurements on

ion photodissociation processes. This construction was done primarily

under other sponsorship, but was partially supported by this contract.

A copy of the article "A Laser-Ion Coaxial Beams Spectrometer," which

appeared in Review of Scientific Instruments, is included as Appendix B.

It sedcribes the apparatus and the detailed information derivable from

such experiments.

During the second year of this research program, detailed photo-

dissociation cross section measurements were made for the major D-region

ions from 5300 to 8600 A. This extended the previous work to longer

wavelengths. Prelimin-ry work at shorter wavelengths was begun using
+

the Kr laser lines betwaen 4745 and 5309 1. Measurements were also
+ + + +

be. gun on the rare gas dimer ions N2, Av2 , Kr, and Xe at Ar and

Lr laser lines between 3M07 and 5309 A. Results for thise potntial

absorbers within the cavities of excimvr lasers are given in Appendix C,

a preprint of a paper to appear in Physical Reviev A. lDvelopment of

a high pressure poeitive cluster ion source for the photofrapent

spectrometer apparatus vas also initiated.

During tie final year of this contract, photodissociatiou cross

section measurements o€ the positive atmospherkc tons were completed

for the Ar+ and Kr laser lines between 3500 aml 5300 A. A paper
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summarizing these results and the longer wavelength results, entitled

"Photodissociation of Atmospheric Positive Ions II. 3500-8400 1" and

published in the Journal of Chemical Physics is attached as Appendix D.

This paper also discusses the nature of the electronic states of positive

cluster ions, as deduced from these measurements. The photodissociation
+ +

cross sections of CO and 0 *H 0 were examined in greater detail by
4 2 2

dye laser measurements from 4250 to 4500 I, but no structure was

observed.

Based on the data from this research, total sunlight photodissocia-

tion rates or upper limits have been calculated for the D-region positive

ions. The implications of these rates on ionospheric chemistry will be

discussed in a manuscript to be submitted to the Journal of Geophysical

Research. An attempt was made to examine the photofragment spectroscopy
+ +

of 0 and 0 "H 0. Resolvable kinetic energy spectra could not be
4 2 2

obtained, primarily because of vibrational excitation in the ions. Thus

a more detailed understanding of polyatomic positive cluster ion photo-

dissociatLoa will require further ion source development.

SUNMARY OF RESULTS
While the publications attached as appendices (particularly

AppVAdix D) provide a thorough discussion of research under this cotract,

a complete sumary of the duta is given here, and our major conclusions

are discussed. Figures I through 7 graphically presonzt the photodis-

sociation cross section duta for the ions 04 ~'*VO+. OC2+aI++÷ + 4

02 1120, 02 "2 0'and CO " Tabld I s•w•rizes oes.o dota for w&'lngths

at roughly 0.1 eV intervals aMd includes upper limits for ions such as

-NO .I20, i13 0 at10, NO IN NO *"O2# ad COCO . Total Sunlight poto-

dissociation rr.tes are also given.
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DISCUSSION

The photodissociation of weakly bound positive atmospheric clustertk
ions can be characterized in terms of a pseudo-diatomic model. Dimer

ions such as NONO+ have large ( > 1 x 10"17 cm 2 smooth, bell-shaped

cross sections. The peaks occur at shorter wavelengths for the more

strongly bound dimers. This indicates a repulsive upper state and

suggests a pseudo-diatomic model for the potential surfaces analogous

to H2 (or Ar ). For mixed clusters A .B, which are bound by weak
22

electrostatic for'ces, the analogous surfaces are separated by an

additional term representing the difference in A and B ionizatiun

-18 2
potentials. Thus smocth, albeit smaller ('.5 x 10 cm ), cross+ + +

sec ions are seen for 0 *H 0 and CO4 (02 #CO2 indicating a+2 +

repulsive upper state of B -A configuration. Cluster ions of NO and
+

H 30 do not photcdissociate at wavelengths longer than 3500 1 because

of the large difference in parent and ligand ionization potentials.
+

Thus NO -H 0 does not photodissociate at wavelengths longer than
2

3700 k (3.35 eV), the difference in the NO and H 0 ionization potentials.

Examination of D-region metal ion clusters was included in the

proposed research under this contract. However, in view of this model

and the low metal ionization potentials, these ions almost certainly

do not photodissociate at wavelengths longer than 3500 7. Foc example,
+

for Na ,H20, the ionization potential difference predicts a threshold

above 7.4 eV (1700 .).

The sunlight photodissociation rates for these ions were calculated

and are listed in Table 1. Although the photodissociation of several

of the atmospheric ions occurs readily and their rates for photodestruc-
-1

tion by the incident solar photon flux are close to 1 sec , these

dissociating ions are all more rapidly destruyed by ion-molecule

i12

A.. . .



reactions in the earth's atmosphere. For those ions that are likely to

occitr in the ionosphere, the more important destruction mechanisms are:

0 [+H0 -O H20 + 0 below 80 km]
4 2 2 2 2

[+N + M-O N below 70 km]
2 4 2

[+O -O + + 0 above 70 km]

2 3

N : +0 "• + 2N (everywhere)
4 2 2 2

O "HO0: +H0 H+ + OH + 02 (< 80 kin, with some uncertainty
2 2 2 3 0]in [H20])
+ +

2 2 2 4 + CO2  (everywhere)

+ +0

The ions NO • NO a.ad CO . CO are unlikely to be formed in the
*2 2

earth' s atmosphere.

The positive ions that are relatively stable against two-body

collisional destruction (charge transfer or ion switching) are also
+

stable against photndissociation. These arA the clusters of NO and
+

f3 0 . Their stability in 3o~h cases is due to their low electron

recombination energy compared with the icnizacion potential of the

neutral clustering or collision partner. It is th.s apparent that

the only processes destroying H30 hv'-tes are ion-toa neutralization

or three-body association to larger clur-ers. Photodestruction is
possible at high photor en.,rties where absorptions can occur to excited

+
H 0 Or H 0 states, but this will be a very slow process. The ion-io.
3 2

neutralization rates are apparently quite siow, for higher hydrares,

so this stability may allow the buiidup of iery large c'uscers.

13

VA



A paper presenting the sunlight photodestruction rates calculated

from the cross-section data for both positive and negative ions is

being prepared for publication. These rates will be compared with

those of other destruction mechanisms at altitudes above 50 kin, and

thefr ionospheric importance will be discussed.

5:
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APPENDIX A

Photodissociation of atmospheric positive ions. I.
5300-6700 Aa)

G. P. Smith, P. C. Cosby, and J. T. Moseley

Molecular Physics Center. Stanford Research Institute. Menlo Park, California 94025
(Received 9 June 1977)

Photodasaoiation cross sections have been investigated for several posilive ions of atmospheric importance

in the wavelength region from 5300 to 6700 A, using a drift tube mass spectrometer and a tunable dye
laser. The damer ions NONO' and COICO,' are observed to have large photodissocialion cros sections
( > 10 ' cmi) at these wavelengths. Three ions formed from oxygen cations O', CO:, and O*.HO have
pholodissuciation cross sections near IX 10 -" cm

2 . with the latter two ions exhibiting a threshold near
6200 A The cluster ions NO'-M, whrre M is H20, N1. CO2. and N20. are not observed to
photodissociate, nor are HjO'.(H2O). _,, ,. Upper limits on the photodissociation cross sections for these

ions are established in the range 10 "-10 2' cm'. For many of the ions studied here reactions coupling

the ion of interest with other species present in the drift tube and diffusion effects following interaction

with the laser must be explicitly considered to establish values or limits for the photodissociation cross

sections.

I. INTRODUCTION fore the ions reach the laser intei action region. In
most cases the do-excitation of ions was investigated

Current attempts to understand and model the lower by varying the pressure, drift distance, and E/N. How-

ionosphere require c-nsHderauton of many positive ions,' ever, when new ions are being formed all along the
such as C(H , ,SOi He0, clusters of NO', and drift tube, even after equilibrium is established, some
H2  - (H2O).. Since these ions are typically weakly vibrationally excited ions may be present in the laser
bound,2 photodissociatlon by visible sunlight is poten- region.
tially important in the positive ion chemistry. In addi-
tion, photodissociation studies of ions can provide The drifting ions intersect the 2 mm diameter dye

structural and energetic information on the molecular laser beam, which Is perpendicular to the drift field,

electronic states, 3 hence aiding our understanding of and then drift approximately 1 mm to an extraction

such ionic environments as gas discharges and lasers, aperture at the end of the drift region. The ions exit

We report here photodissoclation cross sections, gen- the drift region Into a high vacuum region wherl they

erally between 5300 and 6700 A, for the following pos- are mass selected by a quadrupole and detected Indi-

itive ions: NONO', C0 2 CO0, 0', 0*- HPO, and CO0. vidually by an electron multiplier. The laser is a jet

We have also determined upper limits for the photodis- stream dye laser, and is pumped by a chopped 16 W

sociation cross sections of NO* COz, NO' - NO, argon ion laser beam. Photon absorption by the ions

NO' HO, NO* N., and the hydrates of 11,'. In ad- takes place inside the dye laser cavity. The dyes so-.
dition, we have investigated the effects of diffusion and dium fluorescein (5300-5700 A), rhodamine 6G
of equilibrium reactions on the measurement of photo- (5700-6300 A, and rhodamine B (6000-6700 A) were
destruction cross sections using drift tube techniques, used.
and have developed a kinetic model for assisting in the The absolute photodissociation cross section a at
interpretation of data obtained when these effects are wavelength X is given by
important.

II. EXPERIMENTAL PROCEDURE

The drift tube mass spectrometer and tunable dye where 16/l is the ratio of ion intensities laser off/laser

laser apparatus used in these experiments has been de- on, t Is the average time for an ion to traverse the laser

scribed in detail previously. 4 Ions are formed by elec- beam, 4 is the photon flux, aaid G, a dimensionless

tron impact ionization of various gas mixtures in the number of order unity, takes into account the overlap

source region, and by subsequent ion-molecule reac- of the laser beam with the Ion swarm. It Is difficult to

tions. The mixtures and pressures (0.05-0.4 Torr) determine this geometrical factor G accurately. Un-

used are given in Table I for the various ions studied. certainties in the laser beam diameter and spatial dis-

The ratio of the weak applied electric field (which tribution make it advantageous to normalize the results

causes the ions to drift along the tube) to the gas den- to the known O" and/or 0; photodetachment cross sec-

sity E/N is chosen so that the thermal velocity of the tions.s The normalizaUon method effectively deter-
ions is much greater than the drift velo.city. A typical mines an experimental value for G. This previously
E/. of 10 Td ( 10"' V cmi) coupled with a long drift dis- described procedures requires measurement of the
tance (20 cm) insures many thermalizingl collisions be- 0' or 0; photodetachment cross section before or after

each experiment, and a knowledge of the relative mo-
bilities of the Ions which determine the relative values

"This research was suppxorted by the U. S. Army Research of I in Eq. (Ill. The absolute uncertainty in a cross
office. section derived fron, this procedure is roughly 20'

3818 The Journal of Chemical Physics. Vol (7. No. 8, IS October 1977 Copynight 0 1977 American Intistute of Physics
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Smith, Cosby, and Moseley: Photodissociation of positive ions, 1I81

TIAI l1.I. Experimental oondltluna.

D)rift

No. Ion Gas 11'Irorr) (cnm) (T 4A.cmI/Vo) Normalized .rm),j(cm?/VOI

0I 0~(.250 10 5 L.08 Db OIin 01 ;. o

2 NUNO* NO 0.200 30 it) 1.78' Dj In NO) 2. 03'

3 NONO* 2. 510, in N 10 0.400 30 varlud 1. 45b Oj In NZO 1. 52b
4 NONO* 10% NO in At 0.200 30 10 2.2' Oj In 02 2.16

. 2DC C02  0.050 30 10 1.2 2d 0i C2 13

6 NO* (112o). CO2. < 1% NO, 1120 0.400 30 10 1.37,2.2811 MO In C02  1.3'

n- 1.* 2

7 ();I 11O 02, <0.21[ 1110 0.400 30 10 2.10 0 in 02 2.1la
8 Co; 3% 0, in C02  0.400 30 10 1. 28d 0i In 0, 2.16'

03, CO2 501t 0.250 20 10 1.641 0; in 0, 2.16-
9 NO* -N. N2, < 0. 51 NO 0.400 20 10 2.3' NONO* In ND 2.3'

10 NO' *CO, CO2. < 10%, NO 0.250 20 10 1.25' C0* in CO2  1.3'

11 NO' -N20 N20 0.400 20 varied 1. 25d Oi in N20 1. 52b

12 113O'- (11,0), 02, < Ui 1120 0.200 20 10 2.83.2.36, 0j In 01 2.16e
n, =0, 1, 2 2:2.21"

'Rteference 10.
"Imeasured. 'Value for N* in N2, Ref. 10 (also value for scaling from CO0
'Scaled from 02 in Ar. In N,).
"scaled from COj3 in CO.. 'Scaled from values In N,; I. Dotan, D. Albrltten. W. Un-
*scaied from 0o and 0, in 0,. dinger. and hl. Pahl, J. Chem. Phys. 65, 5028 (11976).
'Blanc's law average (see Ref. 8) of CO, in CO, and COj in 03. 'Scaled fromi NONO* mobility in NO (Ref. 10).

plus the statistical error associated with the positive terfering ion often terminates the production of the de-
ion photodissoclation measurement. This statistical sired ion, since the two are closely coupled. While we
error, the precision of the measurements, is indic- have constructed a procedure (described below) for oba-
ative of the relative error versus wavelength, and is taining photodissoclatlon cross sections even when such
given by the error bars in the figures. equilibrium reactions are important, the resulllng

The obiitis ued i thse ormlizaion ar lited cross sections are usually less precise, In general,
inThbe maobnige usdinh thesexenrimenalzadtions aemlite this effect is important whenever the reaction rate Is

inTaloed in along withd.Mayo the eerienqauired itionsem comparable to the reciprocal of the drift time through

cannot be easily measured due to rapid renctioius iuivolv- the laser beam, and the concentration of the dissociat-
Ing ionsi of interest in the particular gas. lIn such Ing ion is more than 101.j that of the ion of interest.
cases mobjilities were estimated using previously nica- A second effect, to be discussed In detail in the next
sured values for other ions, and scaling iliem by the section, concerns diffusion. Since the ion swarm is
square root of the reduced mass of the ion and the gas larger than the laser beam diameter, ions can diffuse
molecule, using (he Langevin theory. 6 Thi s procedure back into the interaction region during the short time
is generally accurate ito within 10I. except for cases between the laser interaction and extraction. and re-
where resonant charge exchange Is important. The place some of the photodtssociated ions. For fixed
gibenlii Taused 1n. o hy eedtrmnd r conditions of laser interaction volume. E X, pressure,

give InTabl I.and drift distance after interaction, a fixed fraction of
Several of the positive ions studied here are distin- the Ions outside the interaction volume will diffuse into

guishceitby tite rap~idity of the ion-molecule reactions It, anid vice tw.rsa. This effect is included in the geo-
producing them in the drift tube, or by unusually large metrical factor G used In the calculation tif the crossa

> 10'1 uinl) photodlesociation cross sections, Each oft sections. If the fraction of ions photodissociated is
these characteristics requires special consideration linear with photon Intensity [which is essentially true
when establishing accurate cross section In our ap- for dissociation fractions (.I/aless thitn 0. 11 for
Ilarntus. Sometime~i a rapid equilibrium exists between b~oth the ion under Investigation and the Ion to which the
the urn of interest and another Ion with a large photo- cross section in to be normalized, the normaltuation
dissociation cross section, P1hotodiissoc tat ion of this procedure will correct for this effect, since the ratio
second io~n can lead to the apparent photodissociation of tir the spread oft an ion swarm to the drift distance is
the first ion as the ions re-establish equilibrium~. Al- Independent oft the diffusion coefficient and jobilift at
thouigh this effect can be detetcted and often reduced by low K/N. ' However, for larger dissociation fractions
cluinvting the drift tubie conditions, elimination of the in- the ratio of the number tif ions diffuising Into the Inter-

.1 Chum, Phys. Vol fil, No B. lb Ottotter 1011
A-2



3820 Smith, Cosby, and Moseley: Photodissociatlon of positive Ions. I

F (ev1

1.9 20 21
I I I

04 o - ho h--O* 02

o THIS WORK

IRFF 8

0

0 1
C-

-0

• , I I I I I I I I I I

6700 6500 3300 6100 5900 5700

WAVELENGTH IN )

FIG. 1. Cross section for 0, photodissociatlon from 5750 to 6700 A. comparing the present results (circles) to those from Ref.
8 (squares). Bars Indicate the relative uncertainty.

action region to the number of ions diffusing out is no in line 1 of Table 1. Our measurements of the photo-
longer linear with photon intensity. This effect can pro- dissociation cross section of O0 are given by the circles
duce an apparent dependence of the photodissociation in Fig. 1, and show a smooth decrease with wavelength.
cross section on laser intensity even though all disso- The photodissociation of 04 has also been measured at
ciations occur via single photon absorptions. In our 24 ion and dye laser wavelengths by Beyer and
previous work we have always been able to work at low Vanderhoff.A Half of these measurements, which carry
enough photon intensity to avoid this situation. How- a precision of about 25%, are in our present wavelength
ever, two of the ions under study here NONO* and range and are given by the squares in Fig. 1. There
COCO have exceptionally large photodissociation cross is excellent agreement between our results and the data
sections, and thus force a more detailed consideration of Ref. 8, except at 6471 A. This discrepancy is not
of diffusion effects. attributable to diffusion effects in our study, because

the fraction of photodissociation was always below 0. 15.The next section discusses the photudissociation of Thus, only a very weak power dependence of the iosa-the dimer ions O0, NONO'. and COC; including this sured apparent photodissociation cross section was oh-

diffusion effect. Section IV considers the hydrates of sered andarepotedirsults are ex tions o

O and NO. and the effects of equilibria in the drift low power. Our long wavelength results are more con-

tube. Section V describes results on CO*, while Sec. VI sistent with the shorter wavelength trend observed in

discusses other N"0 cluster ions. Finally, upper limits both studies.' There is no statistically significant
.n the hydronium ion HO" "(H•)1.. 0 , 2, photodissociation structure observed in the cross section, and 0' lo the
cross sections are determined in Sec. VII. only energetically allowed product at these wavelengths.

No pressure dependence of the cross section was ob-Ill. DIMER IONS OF OXYGEN, NITRIC OXIDE. AND served below 250 ju, this indicating that Reaction (21.
CARBON DIOXIDE does not perturb the measurement.

The O cross section was measured at 25 A Intervals
between 5750 and 6700 A to a precision (relative accu- Photodissociation of NONO' was measured in NO (line
ratcy) of 7TV. The Ions are formed from O; by the three- 2, Table 1), in a mixture of 2. 5% 0 in N&O (line 31, and
body reaction in a mixture of 10% NO in Ar (line 4. For the conli-

tions of lines 2 and 4 a three-body reaction produce*O; + 2 O'- O; + O2 (2) NONO" from NO:

with a reported rate constant7 k ý 2. 5x 10" cml /a. The
experimental conditions and mobilities used are listed NO'f NO+ M-NONO'+ M, (3)
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20 .. ... .100 When a particular ion is "destroyed" by the laser a
concentration gradient is established within the ion

.- oo' .swarm, across the boundary of the laser beam. The

net flux into this region attributable to diffusion is given

by Fick's Law:
5? 0

z Jd -IDdC/dx, (4)
A 0

cc where C is the ion concentration, D is the diffusion co-

50 efficient, and x is the distance normal to the laser beam
o) , axis. For our approximate scheme here with large dis-

a0 sociation fractions we consider diffusion occurring from
9X: regions above and below the laser, with a total volume

0. equal to that of the laser region. Then the average dx

is on the order of the laser beam radius r, and the con-

centration gradient dC/dx is proportional to (CLASE,-C)/

r =AC/x, where CLASIR is the ion concentration in the

0 0 laser interaction region with the laser on. The flux
0 20 40 60 so 00 equals the product of the replacement ion concentration

LASER POWER f7l1 AC times the velocity v0 of the diffusing ions J=- r,DAC.
Now, rTb =x/t 0 or xk0 , since the time for replacement

t,, equals l1kD, the ion replacement rate via diffusion.

S. -Thus,

J = - %CIPD ACXkjo (5)
0 10 and

J z - DdC/dx.- D4C/x. (6)

U) Combining these equations yields kA' D/'xz. Because
) kD is independent of the ion concentrations, the mag-

o ~nitude of the diffusion effect varies linearly with the

-, fraction of ions destroyed. The amount of photodis-
sociation, however, decreases exponentially with the
fraction of ions remaining, and thus the power depen-
dence arises.L T0 20 dThe diffusion coefficient D varies as the reduced mo-E"N (TdI iiyK iie yte a ubrdniy sn

FIG. 2. The diffusion model for NONO" photodIssociation. (a) biliy Ks divided by the gas number density. Using
Percentage of NONO' destroyed as a function of laser power x = r- 0. 1 cm (the approximate laser beam radius), and

at 5900 A, anxd the resulting apparent photodissociation cross calculating a transverse diffusion rate constant of

section. The points a and • Indicate the experimental data. 176 cm2/s from the mobility of NONO' in NO,'
0 

we ob-

The solid line is the predicted destruction using the diffusion tain k0 17600 s8- for NONO* in 0.200 Torr NO. How-
model, with kD = 9000 s'1. The dashed line and a represent the ever, since x is only known approximately, this anal-
power variation in the apparent NONO" photod;3sociation cross ysis only indicates what order of magnitude of rates is
section. (b) Data and model calculation for the variation of the reasonable in trying to fit the power dependence.
apparent NONO* cross section with E/N.

The rate equations for photodissociation and diffusive

replacement are numerically integrated over time as
with a rate constant' k =x 5 0" cm6/s (M =NO). Care the ions traverse a laser zone of 2r = 0.2 cm and a final

was taken to minimize the amount of water, and hence drift zone of 0. 1 cm. Note that the time integration can

NO" HO, in the system since an equilibrium of this be replaced by a distance integration by using the drift

ion with NONO* in NO can lower the apparent photodis- velocity as derived from the mobility. Uncertainties In

sociation. This effect is discussed in detail in the next the laser interaction and final drift distance dimensions

section. Figure 2 shows the variation of the apparent over which diffusive effects operate affect both the value

NONO* photodissociation cross section with laser power of r and the limits of integration, thus contributing to

and with E/N at 5900 A. The measurements are ide- the uncertainty in the value used for k, • 9000 sl". This

pendent of the drift distance and do not vary with the fit yields a NONO" photodissociation cross section of

fraction of NO diluted in Ar or 0. Thus, this depen- 1. 8x 10"-1 cmra at 5900 A. The calculations show that

dence of the apparent photodissoclation cross section the effect of diffusion on the apparent cross section lev-

on laser power and on time spent by the ions traversing els off just below the intracavity power levels to which

the laser beam (E,/N indicates an effert on the mea- we were able to descend, I. e., when the percent de-
sured apparent cross section which correlates with the stroyed is less than 10%. At very high power, deatruc-

fraction of dimer ions destroyed (also shown in the fig- tion of diffused Ions becomes more important and the

ure). fraction of destroyed ions becomes constant, as a steady
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TA I•L': U. Diner ion cross sectiuns (10-11 cm2). range of wavelengths reported, thus justifying our use
of only one model diffusion coefficient. Nevertheless,

57"5 , 5,00 A 6000 ,A 6200 A a slgnailcant degree of uncertainty is Introduced Into

NONU" 17.4 12. 17.2 t 2. 17.5 * 2. 18.5 * 2. these data by the approximate nature of our correction
Coaco" 23., 3. process. Further measurements of this cross section

which incorporate much lower laser powers or detailed
o; u.76, t. I 1.02, 0.1 1.08*0.1 1.32 2 0. 1 power dependence studies at each wavelength are there-

fore indicated. A lower power study Is "unfortunately
complicated by the necessity of normalizing to the much

state situation arises with diffusion in the final 0. 1 cm smaller 0' or 02 cross sections.
drift region becoming rate determining, At the highest Vanderhoff" has reported observing a cross section
powers this stmrle model no longer provides a reliable of 2x 10"1 cm' for NONe* at 6764 A, decreasing to
estimate of the true cross section. 3x 10"9* cms at 4131 A. This long wavelength value is

If the diffusion and dissociation rates are increased consistent with the results of this study. Burke and

by 357. to 12000 and 13000 s", respectively, the model Wayne"' have also measured the cross sections for
predicts 68% of the NONOe ions will be destroyed by NONOe and 04 at shorter wavelengths.
76 W laser power. This clearly does not match the ob- The photodlssociatton of COSCO; was also briefly ex-
served 74%, and so can provide an estimate of the un- amined. Formation is due to a three-body reaction
certainty in this method of extrapolating the cross sec-
tion measurements to low power. These higher rates CO;+ 2COS- COCO;+ CO, (7)
lead to a photodissoclatlon cross section which is 10%
higher than that of the better fit shown in Fig. 2. with a rate constant" k 3.3X I0*" cmi/s. Photodis-
Therefore, 10% is an estimate of the uncertainty In our sociation of this ion to produce CO; was observed with
reported NONOe cross sections due to the use of this a large cross section throughout the 5300-6300 A wave-
approximate model. length range. In order to minimize recombination of

The effects" of the three-body reaction (3) are too the CO; photofragments in the laser interaction region
small to account for the observed power dependence. and to facilitate normalization to the COs cross sections

This is particularly apparent from our observations of relatively low pressures were maintained in the drift
large laser power effects on the apparent cross sections tube (line 5, Table P. Since the diffusion coefficient
when less NO (line 4, Table 1) or no NO (line 3) was varies inversely with pressure, this choice of conditions
used in the drift tube. Even for 0.20 Torr NO the results in a power dependence in the apparent COSCO;
pseudo-first order rate constant for production of NONOe cross section which is even stronger than that observed
from NO', k' =k-k[NO., is 250 s-1 . Since the experimental for NONO'. Our model fitting of this dependence at
concentrations of NO* and NONOe are nearly equal, this 5900 A results in a photodlosociatlon cross section of
is far short of the roughly 9000 s' required to fit the 2.3 x 10-11 cmO.
power dependence data. Estimates of the cross section at 5300 and 6300 A of

The effect of diffusion on the apparent photodissocla- 2x l0"" and 4x 10"-1 cm', respectively, were obtained
tion cross section with increasing E/N is also shown by employing the model with the same diffusion coeffi-
in Fig. 2. Higher drift velocity and hence shorter in- cient used at 5900 A and neglecting possible variations
teraction time decreases the fraction of Ions dissociat- in the geometric factor G with wavelength. Changes in
ed, while the shorter drift time after the laser de- G may reflect changes in the distance x and thus the
creases the effect of diffusion. The net effect is an in- diffusion rate ko. These results are less certain than
crease in the apparent cross section with increasing those obtained for the other dimer ions, and further
EIN, toward the true photodissociation cross section. studies of this cross section at higher drift tube total
Note that this variation of E/N was carried out at low pressures and lower laser powers are planned. The
values of E/N so that the drift velocity was always much CO&CO photodissociation cross section has been mea-
less than thermal velocity. This tends to prevent ex- suredby Vestal and Mauclaire. 14 In their tandem quad-
tensive vibrational excitation of the ions which could 4f- rupole mass spectrometer the ions traversed the laser
feet the cross section. interaction region at relatively high energy (20 eVl, so

diffusion effects were negligible. Their measurements
The results of this study at 5900 A were applied to ad- are in agreement with the cross sections obtained in the

just a set of data at 5700-6200 A for the effects of dif- present work.
fusion on the NONOe cross section. Conditions for this
experiment, in l0 NO/90%" Ar. are given in line 4 of The dimer ions may be pictured as paeudohonoinu'leat
Talie I. The results shown in Table It indicate a near- diatomlcs, with the charge equally shared between frap-
ly constant cross section of 1.8t0. 2x 10"sr cm' over ments. A "gcradc" bound stane and an "mvnerade" re.
'his range of wavelengths. A less detailed study yields pulsIve excited stale will be formed which are Coupled
.a cross section of at least 1. 4x 10"-1 cml at 5300 A. by an optical transition, so the !arge structuroleas
NO* was the photofragment observed at these wave- crosn sections observed for these tons are not surprtsa
lengths. The normalization (geometric) factor G In Ing. Similar behavior has been observed In the rare
these measurements was essentially invariant over the ps dimer ions's Art, Kr', and Xe;, and in N*,. 1

J. Chrem. Ph".. Vol, 67, No 8, 15 Octobst 1971
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6500 6000 5500 5000
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IV. HYDRATES OF OXYGEN AND NITRIC OXIDE indicating its lifetime It roughly the same as that of 0.
CATIONS Since the drift distance between the first contact with

The photodissociation cross section of 0: H.0 has the laser beam and the extraction aperture is 0.2-0.3
been measured over the wavelength range 5750-6300 A. cm, the equilibrium perturbed by the 04 photodissocia-

tion will at least partially reassert itself prior to theUnder the conditions employed in the drift tube (line 7, xrcinaetue n oels o ; , itb
Table 1) this ion is produced predominately from the re- extraction aperture, and some loss of i ;t Hs O will be
action of 0; with H20. As shown by the data labeled
"m.,cimumu values" in Fig. 3 the apparent cross section The extent of this effect is uncertain, given our in-
decreases from 7. 1X 10"o1 cml at 5750 A to 2.0x 10"9 precise knowledge of the reaction rates, ion detection
cmz at 6300 A. Over this same wavelength region, how- efficiencies, laser region geometry, and water concen-
ever, the photodissociation cross section of O0 increas- tration. However, even with these uncertainties accu-
es from 8x 10"' to 1. Sx 10(" cmi. Possible coupling rate limits on this effect can be established, The hy-
of the iphotoloss of these two species through the equl- drate loss from this source can never exceed the 0*
iirtufm reactions cross section. A lower water concentration sIowa the

O*4 II2O= 02• HOe, H20 (81 reaction of 04 but not 0; - 1110. Since the hydrate equi-
I lbrlum concentration also decreases, there is no net

01lit rite constant"7 kf 1. 5x 10.' cm3,' s must therefore effect on the time required to re-establish equilibrium,
le considered in determining the photodissociation Only the oxygen pressure has a large effect on the ex-
v'ross section of O0' • HIO at these wavelengths. Since tent of coupling between the ions.
the drift conditions (line 7, Table 11 insure the estab- The largest possible 0 contribution to the apparent
lishm t of equilibrium, k can always be calculated6300 A, whre t
fromi1 the measured ion intensities and the water con- hydratecphotod theola rst 630 ec where the
centration. Here. k, is 1.0x 10.18 cm'/s. Given the at cross section is the largest, The effect will be less
known forward rate constant,' and using UOe water con- at shorter wavelenaths because the 0O cross section de-
ecotratiun in the drift tube of 2x 10.4 Torr as measured icreasesS real phorestIcatio n tus bec
by a residual gas analyzer attached to the apparatus, gins to increase, real phuiodissoclation must be occur.
the calculated mean lifetime of 0 6 is 60 tLs. From the ring at wavelengths below 6300 A.
known drift velocity of O0 this corresponds to a mean The maximum O[, 1180 cross sections are the values
drift distance of 0. 3 cm. Thus, the drift distance from measured directly. The minimum cross sections can
source to detector of 30 cm Is sufficient to ensure es- be calculated by assuming the entire 6300 A apparetd
tablishment of an equilibrium between dimer and hy- photodestruction is attributable to the Oj equilibrium,
drate, The hydrate concentration is observed to be One can then construct a simple kinetic model tor the
comparable to that of the dimer in the drift tube, thus 0, cm laser sone and the 0. 1 em final drifth oe ,which

J, Chom. Phv. Val. 07, No. 8, 5I Ocltoot 19??
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TABLE 111. NO' cluster ton cross section upper limits 00'11 The ions NO'* 11is,0 and NO* 2H1,0 were formed In 0. 40
0111). Torr COi with lose than 1% each NO and 11,0 (line 6.

m 0 A 50o A G..'0 A Table I). The ions are initially produced from NO* by
fast three-body reactions

NO* -11. 0. 03 1-.0.018 %r0. 00634 O1OCO-O 1O. (0

NO* -21 .O 10 0. 005 0u.0 14 0.08NO* H2,0+ HOC)Ot - NO* 211,0.4Cu,. (10)

NO*- N2 -0.40..NO &+ S+ l- 0 213 C%&. (I

NO'*CO. 04. 09 ... The rate constants for these reactions, which have been
N N . measured't for the case of Ns as the third body, are ap-

N0 N0 .. 0. 20.. proximately 1. 6 and I Ix i0"m cmii/s, respectively.
Neither ion was observed to dissociate between 5300 and
6200 A, and limits on the cross sections, generally in

incorporates the exchange and photudissociation rates, the 10*10 cms range, are given in Table 111. Measure-
Then the rate equation for 0*, for example, is ments in large partial pressures of NO were purposely

40-d[O; - 0*IH0JkJj- i0101 9 avoided, since the equilibrium reactions

where P In(o,10'f/ is the rate constant for photodisso- with rate constants'i k, - 1. 4 x 10-9 cm3 /'s and k,..ý 9. 0
ciation, which depends on laser power, the cross sec- X 10O1 cm'/s would effectively cause some of the NONO*
tion. and geometrical factors. phutodissociation to appear as a reduction in the amount

To obtain the minimum 0; HO cross sections P for of NO* 11,0O when the laser is on. A previous upper

0* is chosen to ubtain the observed photodissociation limit of 10-l' cml for NO* HO at 6471 A has been re-
percentage for that ion, and the water concentration in ported."

the calculation is varied until the entire ap.'arent
a;* 11H0 photodissociation at 6300 A is accounted for by V. CO'.
reaction. This fixed the water pressure for the model Thsinwsfrein5jh/`,C (ne8TalD
at I x 10" Tarr. Then at other wav elengths P for 0, Thi ion was fhe-odyrmed tion 5 ,9 ,(ie8,Tbe
proportionately decreased by the measured decrease In b h he-oyrato'
the 0* cross section, and P for the hydrate increased 0; + 2C), - CO*.O,0. (131
until the observed apparent hydrate photodestruction at
the new wavelength is matched by the model. The ratio The photodissociation cross section of CO~ has been
of P values is the ratio of cross sections, and thus the measured at 25 A Intervals between 5300 and 62m A.
minimum values for the hydrate cross section are em- our results are given by the solid points in Fig. 4 and

tablished. clearly show a lack of structure In the cross section.
Photodissociation cross sections for C0* have been re-

The limits on the 0&[ 11:0 photodissociation cross sec- ported by Beyer and Vanderhoff,it and their data, shown
tiuns resulting from these considerations are plotted In as the open circles In Fig. 4, are in excellent agree-
Fig. 3. The data labeled maximum values in this fig. ment with the present results, Above 5600 A the ap-
urc refer ito our uncorrected cross sertion nmeasure- parent cross section increased with the addition of more
mients. while the data labeled mintimum vaubes have 01, to the mixture. This io likely the effect of an In-
been rorrvcted for the equilibrium with 0*,. an discussed creased amount tif 0*, whose photodtssoctatton becomes
above, A probable threshold near A2(10 A in hindicated, equilibrated with co;,. presumably via the reactions
The data tit Ref. P at longer wavelengthis indicates a
larger cross section than our Innalnium value. This CO*4o,012 0* 4Co (14)
may result fronm a larger, uncorrecewd equilibration The mneasurements presented in Fig, 4 clearly show a
with 0';, cau~sed by different geometrical factors. Note, thehl1 er60 ,s1uc neulbimcnhv
for example, that their cross sections varied with the nheso l si nifiant effec Ason thsnuch largeqibrivaues rcan he

po~sitioning itf the laser reiative tit the extraction aper- beow 0000ifiant eafction (t4e isc largervalutes rmaor

lure,'I The larger values measuored hy Rtef. 6 at shorter beow 0r0ucio m. eachaonism.ireualyteao

wavelengthu, however, mhould be relatively unaffected C* rdcinmcaim

W~y theme reaction effects, Here CO; is the major phototragmeril ton. Implying an
The ; 1.0 on s a imortat ln i th 1)relion electronic structure Aalsogous to that proposed tor the

ih 0 iit)Inisaimotninith )rgn hydrate 0" 11,0, These results suggest the ground
ofi the lon111111here,' and its coinfirmed) phottodIsaloetat iont state Is a celuster ion best doesribeid by 0;' , 14 with
should be considered In the chemistr tit this region, an unbound, excited, chargo-transfer state 0% 1C~
The existence in the visible tif a strootureless dissocia- Exiaino hs iscaiese spe~ai h
tive state for the weakly bound os- 11.0 ion suggests a obExcvedio proceisdssoitv.tt apoumltI

low-lying unbouand charge transfer sbatt 0, - 120, pm- obevdpcs,

vided the ground state configuration van be viewed as An upper limit to the 0*1 -o l0iined eneorg can be dot-
0l 11,0, AN Ilcyrr and Vanderhoff point oul the failure rived from these measuremnagns, asi previously rnoted tot
lto oliiervte the 1110' photofraglment dot not rule out this Het, 8, The threshold appears to be close to 2,00 tV
hypothesis, since fast charge trnnsfer toO,& is expected (0100 A), The observoid VOq prtidock channel, Wimtevet
under our experimental conditions, exceeds the lowest trAdnmi ne 4~ the dlitterenc

J9 C11011 PhV%, VOI G#, NiO It IS 10101101 1111.

A.?
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FIG. 4. Pthotodissocituiw

5300 to625Agie b h

,VAVLLENCJI IN

between C01 and 0, ionization potentials of 1.71 eV. as "NN.) Our results aet an upper limit on the photo-
The rema.ining 0.30 eV 1.4 then uin upper bound on dissociation of NO*0 No of 4x 10' em' at 5400 A. The
D,-cO;- CO1). Note, however, that an uncertainty of actual cross section may well be zeoro, in view of the

100o A in the true position or the threshold fro thermal equilibrium fit with NONO* and the failure of other
ions introduces an uncertainty of 0. 03 eV in this cstl- mixed NO* clusters to photodimaociate.

mat. Te etimte ls imlicty ssues hecoa The validity of the equilibrium model Is illustrated by
prtwduct channel observed at 5800 Ais the relevent one the results for NO*0 COI. In these experiments lIla.o

in te reionof te treshld.10. Table n) the fraction of NO in COg was varied from
1101,to 0.01. The apparent cross sections at 5500 A

Vi. NO' CLUSTER IONS WITH N,. N,O. AND CO, are shown in Fig. 5. The relevant exchange reactions
Several attempts were made to measure the NO' -No aire"

photodissociation cross section. This ion is very wealý-
ly bound and difficult to make at 300 K.16 since a variety NONO'. CO, NO' C0 *NO 4k,- 10"'cm3 s1 (16)
tof three-body NO' reactions and binitlecular exchange
reactions' occur, Including Reaction (3) and 'ss and

NO' o2.No- NO' -No f Na (k - 2x 10,3 rmG's1, (15a) COS IV% NO aNO' C,. C. (17M
N. -2Nj- N. N, (kOIi. ~10o'cinst1, (15h) The effect of Reaction (17) Is neglilitble for No concia-

and also trationa above 0. Ill., while the effect of Reaction (16) is
NO' No No= N;. NO 050 negligible for the 0,.01 ;NO mixture. n iauf h

ratio of tor Intenamitles NO'0 COj,'NONO* at varic~s NO
anid concentrations It was conftrmed that equilibrium exists.

NO' N,. NO:- NONO'.# No. (15d) with an equilibrium constant K%%- lIx 110". Choositag a
model forward vate constant of 1003 cmi sec for ke-

In N, (lint, 0, Table 1) with less than 0, 5," NO the appar- Action (16) the# 0. V - 10i NO dAt1a cA bt tit as sh'im In
cmii NO' -No photod tattruc tion crues siection ait 5400 A Fiji, 5, A constaitt model photodisevticattion rate wasn
viried with NO pressure In a waly cknsistent with an used for NONOO, and NO" ' CO, was assumed ot tW
eqruiltibriumi between NONO' anid NO', N,. Attempts to photodissocliste The measured equilittrikant was used to
*mt'sre.ime fiiiv NONO' e'ffects by lowt'ring NO below 0. VT give k.14 - 5 10,1" cm3 sý The raiotof theli NO'' CQI t%
.milv tievre'ase Ithe already small tiliotnt tit NO', No tpres- NONO' apparent cross sections does vhot vary from
""%.to andt Ilirelat 0we psiasibility lr equilib~rium effects 5300-560c A. T'his ilk conalistent with a offoroross et'e

Iith N*, whivhiii ialso (180iatesto 1111 IN !eseni In 809. thi tito a Voililtant, smatl ross section 10r NO'' CA,.
nifirmai qua~ntitivs. (The abUmwtaauo of ti iit mass 58 ion If the cross section is nonaero,, It will I* dktittlal t
relatIve tii that of N; is niuch too lairge to lip Identifiedi determine accurately amidst the ltat"reActivetase

J Chem" PhV1, Vol 6?. No a 10 OCtcAW tIll
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effect i14 to Increase the crons section limit to 9v 10"29

Reactive effects also dominate attempts to measure
the NO* N&O cross section in 0. 40 Torr NjO (line 11,
Table I) at 5750 A. The apparent photodestruction of

60l I -3 3 NO* N&0 increases with decreasing E/N, when the Ions
have a longer time to equilibrate with the photodissociat-

I ing NONO*, whtch is present In larger quantities. The
. L relevant reactions appear to be

NONO' +N 1 0- N*0N 8 0 + NO, (19)

448NO* NO + NO-NONO* +NO +Nit. (20)

S Since we are attempting to fit an EIN dependence. dif-
S fusion effects must be considered, as must the three-
S body reaction

Z 30- 1 3 5

NO*+ 2N 2 0-NO*-NO + N20. (21)

I One effect of diffusion, as previously illustrated, is

108 to cause the apparent NONO* cross sectton to vary with
EN (drift time). To accommodate this properly the

model NONO' photodissociation rate was permitted to
vary with E/Y in a linear fashion as shown in rig. 2,

10 - j04 to fit the observed loss. Constant values were chosen

Isection, to obtain the best fit of data at all EIN. Once

again equilibrium wits assumed between the two ions to
01 ~ .a calculate kia. The NO* - NIO cross section la the ratio

01 UIPtHCrN IT NO t of model ion photodissociation rates times the observed
FIC. 5. Effect of the NO mole frmction an the appamrent NONW cross section. The k~s and u(NO* N301, derived
N4C4.CO.photL~ddlsocltition at 5500A. The nmodel prediction from the fit of the model to the data and applicable at
(solid linie) considers the effects of NONO' and C02Co;' photo- both 5750 and 5900 A, are 3. 5x 10,13 cm3/s and
dislsociation oin this olmecryrd lose (datan poiintst), viat the equilib- 2. Ox 10""t cm', respectively. The data and fit are
riuni reactions 110i anld (17). shown in Fig. 6.

The rate constant of Reaction (21) is unknown, but Its
of NONO' photodissociation, due to experimental uncer- qualitative effect can be estimated. Ions are slowest
tainties. at 5 Td, and a great fraction of the NO''* N&O ions is

created by Reaction (21) In the postlaser region, lead-
An upper limit on the cross section for No'' -COs may iag to an underesilmated cross section. When correct-

ibe derivcd by the model front the 0. 011 NO results. ed for this effect of Reaction (211 the E/NV data ts even
The apparent photodestruction can be attributed eithe~r mtore nonlinear. A proper fit now requires an Increase
ito the Reaction (17) equilibrium with n model forward in the* equilibration rate constant ks,, and at decrease In
rate constant of 10*1" em'/s or a true photodissociation the model NO''- N&O photodestruction centss section.
cross section of Ox 10O"" cmit. This is ani upper lim~it, Fu~rthermore, It is Possible that more complicated dif-
therefore, on the NO''- CO, photodlasoctcation cross sec- fusion effects Introduce added uncertainty into the S TId
tion at 5500 A, alihough it Is likely much smnller results, It Is then possible to fit the remaining data
thlrou~ghou~t the 5300-5650 A range, with a larger A'4, and not NO* ' NIO photindissoctation%.

ilecauNQ COPIOUS quantities of NO' and little NO'' ('0, Thus, the value of 2.Ox 10""0 cmal is an upper limit to
are piresent at 0.0 Vi. NO, effects of the tiiroo-budy re-. the true NO''- NsO cross Section. which may be veto at
fiction these wavelengths.

NO'- 2~j NO -C~l# O, k 2. x10"4 cml/s) (181 Note that In contrast to the asymmetric 0'j cluster io"s
NO'.2C0-NO' CO' C 1 (A.. .4xthose of NO' do not have appreciable cross sections at

mustishe Investigated h~ere, This reaction, with the re-. the wavelength& studied here, This suggestst the train-
verse oft Reac'tio~n (1'7l, probably nccolmtts for the buAlk stttontoat'epuitaive tareta SfeRstalte(g
of NO'' CO0, and (.'O5CO; Production, Those NO''I ('0, 11,0' ' NO) ties at higher energiest due to the much lowe'r
Witsi formed In the postlitger region are not sobtlc~t to NO loniasttun potential. one would not expetoc the well
photodissociatioin, and thus artificially decrease the obt. deptkh of the bound statei or the steeptness and nature of
served cross section. In addingl this process to our kII. the repulsive state to be very diffront from the asym.
nie tielivnhri,,,' mu niririviollv tillogradita, the rawitmum metrie 0; cluster tons.
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------- T- T TABLE IV. Hydrate cross section upper limits (10'1 em).

5900k NO' N20 h, - lif 3 (11,0),,
n 0 1 2

593OG 0. 027 :50.027 •.6
5500 A 50. 047 !s0. 04') 5.

5705800 !5 0. 039 • 0. 032 •0. 054
6200 `5 0. 023 :50.031 •0.101

slinshwno stutr.Finally, in demonstrating

th fecso diffusion and equilibria this work has

z shon theimportance of examining the chemistry of the

ýjl eperimntalsystem when photodissociation measure-

merts re adein moderate gas pressures. Refine-

mrtoftemodeling techniques used here could re-
slindeterminations of ion-molecule reaction rates
andequlibiumconstants, particularly in cases where
an on hic isknown not to photodissociate is in equi-
libiumwit anion undergoing photodissociation.
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APP01DIX B

Laser-ion coaxial beams spectrometer
B. A. Huber.a) T. M. Miller, P. C. Cosby, H. D. Zeman bf R. L. Leon. J. T. Moseley. and
J. R. Peterson

Molecular Physics Center. SRI lnfteautionaI, Menlo Ptrk. Califonia 9402

(Received 7 June 1177; in final form, 30 June 1977)

An apparatus has been constructed to provide laser excitation of ion beams in both coaxial
and crossed configurations. The coaxial geometry provides very high sensitivity and nearly
Doppler-free wavelength resolution for spectroscopic measurements, and allows the use of the
Doppler shift to "tune" the wavelength. A novel transverse quadrupole electric field
arrangement is used to deflect the ion beam into and out of the laser beam axis. The ion
beam is highly collimated and a high-resolution 180' electrostatic analyzer is used for
photofragment energy analysis. rhe apparatus has demonstrated a resolution of better than 10
meV for norinal photofragment spectroscopy and 0.001 meV for coaxial beams photofragment
spectroscopy using a single-mode laser. While providing these high resolutions the apparatus
has an overall sensitivity several orders of magnitude greater than conventional ones.

I. INTRODUCTION tion system is used to merge the ion beam with the laser
axis in the coaxial case. The apparatus can operate withIn recent years. ,everal research efforts have been thiobemvcucam rinheesatcvtyf

initiated to study the photodissociation of molecular ions the lar for crased p n flu inabt canitgurf
in bams VonBu~h an Dun' frstexamnedthe the laser for increased photon flux in both configura-in beams. Von Busch and Dunn' first examined the lin.Tecxalongutinleramchogr

wavelength dependence of H" production from H,1, tions. The coaxial configuration offers a much longer
using an Xe arc lamp and monochromator, in a crossed- 10- lIP times) interaction path than the crossed-beams
beams arrangement. Subsequently. Ozenne. Pham. and arrangement: thus. the apparatus has a much greater

ultimate sensitivity than previous ion photodissociationD u ru p at O rsay .2 and van A ss elt. M aas .and L o s in a p r t s s i h r s l t o A I 0 3
Amsterdam3 measured the energy spectra of the dis- apparatuses. A high-resolution (iaE/E nt3 x e0-r)
svociation fragment ions using fixed-frequency lasers in a energy analyzer, used for ion photofragm energycrossed-beams geometry. Such photofragment s•pec- measurements, can provide a resolution of 10-' when
troscopy studies yield information on the potential combined with deceleration of the ions. The apparatus isa versatile and sensitive tool for high-resolution photo-energy curves, on bond energies, on the population of fragment and optical spectroscopy studies on ion beams.
vibrational levels of the parent ions, and on the energy
partitioning among the dissociation fragments of poly-
atomic ions. Recently the group at Orsay' showed that II. DESCRIPTION OF THE APPARATUS
a modification of this technique, using tunable dye lasers
at wavelengths near the dissociation threshold, can be A. Basic requirements and general description
used to obtain high-resolution spectroscopic data on Because. among other uses. the apparatus is intended
molecular ions via transitions to predissociating for photofragment energy measurements, the ion beams
states. In all of these experiments the lascr beam must be well collimated and have low-energy spread
intersected the ion beam orthogonally, where there and yet must have sufficient intensity to perform the
is no Doppler shift (although a Doppler spread exists desired experiments. The energy and angular resolution
due to the angular divergence in the ion beam). required for photofragment spectroscopy can be esti-

Experiments have also made use of Doppler shifts of mated as follows.
single-frequency laser lines to excite fast beams. In The velocity diagram in Fig. I defines various kine-
some cases." laser lines have been shifted by varying matic parameters in a dissociation event. If a molecule
the laser-fast beam intersection angle, and in others the moving with initial kinetic energy E. and speed v. in
Doppler frequencies were -'velocity tuned" to the ab- the laboratory frame dissociates into two fragments of
sorption frequency by varying the particle beam energy, mass m, and m,. with total center of mass (c.m.) kinetic
with the laser inclined at a smal! angle' or parallel 7-" energy release W. the laboratory energy of m,. ejected
to the fast beam. These latter experiments also benefited at c.m. angle o. or laboratory angle 0. %% ilh respect to the
from a very effective narrowing of the DIppler line pro- beam direction is
file that can occur in coaxial laser-fast beam arrange-
ments. as is discussed below. E, = --. 2 r e)m0 cosE , + W

We describe here an apparatus designed to accommo- ol + lot.. Ill. o.
date both laser excitation and dissociation studies of
ions in both coaxial (merged beam) and crossed-beams To simplify matters, we consider the case of a homo.
configurations. A novel and efficient ion beam deflec- nuclear diatomic molecule (m, - mt): then
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* let the laboratory energy of fragment ion A. dissociated
at ai ~ 0 and W = W. just equal that of another ion B.
at ip V= (the maximum V allowed by collimation)
and W = W. + A W. From Eq. (3) these conditions
establish

FIG. 1. Velocity diagram for a pholodissoctittion event. 0 and v are
the laboratory and center-of-mass angles, respectively, for ejcction ola =cos t W/( W + A W)J'4. (5)
photofragment with respect to the laboratory velocity v,~ The center-
of-mass velocities of the two photofragments are v, and v, rhe relationship between 0 and p can be seen from

Fig. I to be
E,= !6E0 [l + 2(W/E 0W'* coso + W/E0]. (2) 0 = tan-'[vtrsinipl(t',# + v1~coso)]

The term W/E, is always small (- 10-3) in our experi- = tan -[ W1sinp/(E4"" + Wt"cos.,o)]
ments, and we shall neglect it in determining the design
parameters o1'the apparatus. Thus -( W/Fe)t12 sin~p. (6)

E,= ',1Ej1 + 2(W/EY"2 cos~p]. (3) The approximation in Eq. (6) is made by dropping the

Reqireent onenegy esoutin o th aparaus second term in the denominator because W <( Eo, and
Ra equsirmaent on enerigyeouino thet apparatuss n oly by noting that 0 4 1. The required collimiation. O..,a

canbe stiate bynotng ha fo vaiatonsin ony, can be obtained from Eq. (6) by letting 0 = op., obtained

AE, = _E 'W - 11 ½ ota 4 from Eq. (5). Again. for the case E. = 3000 eV, W =I
a_ -W o~ eV, and A W = 0.05 eV. we find from Eq. (5) that Ona

= 0.22 rad and 0m.. = 4.0 x 10-3 rad. In order to

As a typical example. let Eo = 3000 eV, W =I eV. and permit the actual resolution of vibrational levels sepa-
0= 0. If the energy difference between the vibrational rated by 0.5 eV. we estimate the required angular

levels in the parent ion is 400 cm-I (a reasonably small definition by letting A W' = 0.02 eV, less than half
value), then in order to distinguish between ions dis- that of the vibrational spacing. This value sets
sociating from adjacent levels we must resolve AW = 0. 14 rad and Or.., = 2.5 x 10-1 rad. The resolution of

-0.05 eV. The ions dissociating in the forward direction the apparatus is actually about 2 x 10-1 rad.
= 0) would be separated by a laboratory energy A diagram of the apparatus is shown in Fig. 2. Ions are

AE, = .1.4 eV at E, 1555 eV, and a resolution of extracted from an ion source (described below). focused.
AE/E - 10-3 would be required. mass selected. and enter the main collimating drift space

The effective energy resolution is decreased as the which is defined by two 2-mm-diam apertures A2 and
range of 0 near 0* accepted by the energy analyzer is A3 separated by I m. Sets of vertical and horizontrl
increased, allowing ions with larger values of 4p to be deflection plates are placed at several appropriate posi-
detected. To estimate the required angular collimation, tions along the beam path.

ION SOURCE FOCUSING. ANGUL.AR LASER ANGULAR PHOTOFRAOMENT ION
EXTRACTION. COLLIMATION INTERACTION RESOLUTION ENERGY RESOLUTION

MASS SELECTION ANO DETECTION

tin.~L 2.SPIai ftecasa es% T]MA-

V UtTAGS AM9LI3I

PAREN IONS TN1l

I': 11ra

V1I.2 Scemti oftecailba ' TOI h)

130? roev, et.Intu.Ve.3,N.1,Otbr1? sveotd Ion beams le-31ar7GS
desgntedh)I.,dtlecor by1) apr-. I I C-2!



The collimated ion beam is next deflected 900 and into C. Ion optics
the laser beam by an electric quadrupole field whose axis As mentioned above, the experiment requires a mass
is perpendicular to the ion beam. These quadrupole de- selected io beam with an angular divergence of about 2
flectors" have exceptionally good ion optical properties mrad to obtain adequate energy resolution and a beam
as well as a very useful physical configuration for coaxial diameter close to 2 or 3 mm to maximize overlap with
laser-ion beam experiments. After traversing a 50-cm the laser. In order to satisf these conditions without
drift length, the beam (or the desired photofragment large losses in beam intensity we deflect the beam
sample) is further deflected 90'. parallell to its original through 45' using a magnetic sector with equal en-
direction, by a second electric quadrupole. The poten- trance and exit angles of 14.38' (between ion beam
tials on the second deflector are set to direct either the and the perpendicular to the pole faces). These angles
desired fragment ions or the main beam along the final were chosen"3 to achieve equal focusing properties in
drift path. This path is 1.3 m long and collimation to the bending and in the nonbending planes. Calculations
-2.5 x 10-a rad is obtained from a 2-mm entrance. .aperture to the deceleration ln t peedf a enthae of the ion trajectories, taking into account the effect of
apenturerty an thzer ancal ios the the extended fringing field, revealed a distance of 26.88
energy analyzer. cm between the focal point and the entrance face of the

After energy analysis. the ions are detected by a magnet for point-to-parallel focusing.
Channeltron electron multiplier and the resulting pulse In order to obtain a well-collimated ion beam beyond
signals are counted in a multichannel scaler whose the magnet, the ion optics between the source and the
hannelsmagnet were designed so that the extraction region can

the energy analyzer so that a spectrum of the dissocia- be imaged at thw focal point of the magnet. The ion
tion fragment ions is stored in the scaler for eventual optics consist of Iwo einzel lenses separated by a small
readout to a CRT, recorder, or off-line computer. limiting aperture Al (Fig. 2). The geometry of the einzel

The laser beam can be placed either coaxially with lenses was chosen to minimize aberration effects: the
the ion beam in the interaction region, or at 90r, depend- focusing properties were computed using standard
ing on the polarization requirements, and the interac- matrix methods.'" The first lens focuses the extracted
tion chamber can be operated intracavity with the laser. ion beam onto the aperture and the second lens forms
Brewster window ports in the chamber walls minimize a virtual image at the focal point. The 2-mm apertures
the power loss. A2 and A3 in the drift region following the magnet

B. Ion source finally define the ion beam with a maximum angular
divergence of 2 mrad. Using the calculated potentials

For many of the anticipated photodissociation and for the eizel lenses (optimized within l0•Y;) we found
spectroscopic studies on molecular ions, it is important a 30%Y loss in ion beam intensity at each of these aper-
to have an ion source capable of operating at relatively tures, resulting in usable ion currents between I x l0-1
high pressures so that ions can be formed from three- and 3 x 10 "' A for 0.' and Ar 2' ions, respectively.
body reactions (for complex and rare-gas molecular The primary function of the magnet is to provide mass

ions), also it should be possible to form ions that are not selection for the ion beam. The ions are deflected
too vibrationally or rotationally hot. For these purposes through an angle of about 450. From purely geometrical
we have chosen a cold-cathode discharge source based considerations, an angular collimation of 2 x 10-1 in the
on a design of Lange. Iluber. and Wiesemann." How- beam will give a mass resolution am/m of about 5.6
ever. we use a hollow cathode instead of their planar x 10-1. This is twice the observed value of about
geometry, in order to achieve a' quiet discharge and to 2.8 x 10- FWHM obtained in a Kri' mass spectrum:
improve the lifetime of the source. The source operates thus the effective angular collimation must actually

at pressures between 0.1 and I Torr. The cathode- approach I X 10-.

anode spacing can he varied and optimized for maximum There is also an energy selectivity associated with
output. The ions are extracted from a 0.6-mm aperture the magnetic deflection of a single mass. The relative
in the anode. The anode and extraction lens are shaped energy selectivity AI'/IE should have the same value as
to form a planar Pierce system to minimize space charge the observed Amhn,, so would be expected to be about
effects. For ions formed by direct electron impact (Ar', 3 x 10-A. This provides a predicted window of about
0.'. 0*. etc.), the extracted ion current behind the 9-eV FWHM at 3000 eV, which does not affect the posi-
extraction len, is in the range of 10 '1-10 I A. Ions live ion beams, whose natural energy spreads tire much
formed from three-body or secondary reactions such as less. For negative ion beams, whose energy widths may
Ar.' may he IM) times less abundant. The width of the exceed 10 eV, a reduction in the size of A I and A3 can
kinetic energy d:stribution was measured to he as small be used to limit the ývidth of the energies tnismitt•d
as 0.6 eV for Art' ions. and it was foti nd to depend on to the interaction region,
source presstre and cathode-anode potential. For 04' For those citses where at hightr ion current is needed
formed ut low pressure under conditions that maximize and the high angular resolution is not necessary, twso
0j'00(1'.) prrodiction, the energy spread was found to be additional ciniel lenses are installed before the lhrt
-.3 eV. and afler the second quadrmpole deflector. Thuts, a, focal
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-- fit to the data in Fig. 3. which shows the results of an

00 a experimental check of Eq. (7). In order to obtain the
same potential for the central trajectory as for the

2. . entrance and exit apertures, the potentials of the inner
, and outer electrodes had to be asymmetric by 5% with

20 0 . respect to central potential. The optical properties of
,34I the analyzer, the fringing field effects and the image

,, • aberrations, which limit the resolving power, were calcu-
10 2 lated to second order using the matrices given in Ref. 16.

- For entrance and exit slits of i-mm width the calculated'e
resolution of the analyzer was 6.67 x 10-l In the experi-

o ' - 0 ment we measured the half-width of the primary beam
KINETIC ENERGY E 1W for different kinetic ion energies. The result is also

FIG. 3. Energy analyzer test data. Potential U betveen analyzer shown in Fig. 3. The linear increase at the energies of

plales versus trarnitted energy E-dots. Einergy vidth AE of these data is due to the finite encrgy resolution of the
analyzer versus E-triangles. analyzer. at lower energies the data would approach a

constant value of AE of about 0.6 eV, which was pre-

point of the ion beam can be formed in the interaction viously found to be characteristic of this type of ion
region between the two bending units. source. From the slope of the curve we obtain a resolu-

tion of 3.0 x 10-3. Thus the overall resolution of the

D. Energy analysis detection unit with a factor of 10 deceleration is 3.0
x 10-'. Better resolution is, of course, possible if the

The relative energy resolution AE/E necessary for entranceandexit slits are narrower or ifgreater decelera-
photofragment spectroscopy is about (2-3) x 10-4. In tion is used. However, since the energy half-width ofthe
the experiment this value is obtained by using a hemi- primary ion beam is about I eV. the present geometry is
spherical 180° electrostatic analyzer combined with a adequate for ion transmission energies of up to 200 eV
deceleration system. The kinetic energy of the photo- (after deceleration).
fragments is first reduced by a factor of 10 without large The photofragments exiting, the energy analyzer are
intensity loss so that the resolution of the analyzer itself accelerated again to about 3 keV before entering the
has to be only about 2 x 10-3. Channeltron detector. The pulses are normalized in a

The deceleration system is formed from the first half of preamplifier and accumulated in a multichannel scaler.
it filter lens." It consists of 13 plates with 3-mm aper- The photofragment kinetic energy spectrum is obtained
tures, each plate separated by 3 mm. The ion kinetic by setting the hemispherical analyzer voltages for a
energy is reduced in a parabolic electric field" (achieved fixed ion transmission energy (typically 200-300 eV) and
with I resistor divider chain) by a factor of 10, accom- linearly varying the voltage applied to the deceleration
panied by ion losses of only about 30V;-601/r. The exit lens system over the desired range of photofragment
ofthe deceleration system and the entrance ofthe energy energies. The sweep of the deceleration voltage is gen-
analyzer are connected by an einzel lens in order to erated by a D-A converter/high voltage op-amp
collimate the slightly diverging beam into the entrance combination which is driven by the channel address of
aperture of the analyzer. the multichannel scaler. Thus, the spectra are obtained

The 180( hemispherical electrostatic analyzer used for with constant transmission energy and energy resolu-
the tinal energy analysis has a median radius of 150 mm tion, and nearly constant transmission efficiency. Since
and a gap distance of 15 mm. The width of the two elec- the quadrupole benders are also weakly energy selective
trodes is 60 mm and the sides of the gap are shielded by (energetic window 40 eV at 1500 eV), the potentials on
two "'Malsuda " plates.'5 the potential of which can be the second quadntpole must also be changed propor-
adjusted with respect to the center potential. This type of tionally to the change in detected photofragment energy.
analyzer was chosen rather than a 127" cylindrical ana- If the einzel lens ls is used, its voltage must be scanned
lyer because of the higher energy dispersion and the in a similar manner.
focusing properties in both planes.

The voltage U between the two electrodes and the E. Quadrupole beam deflectors
kinetic energy E of the ions are related by the followingeqttittion'4 : The deflection systems that betnd the ion beam into and

out of the laser beams are electrostatic quadrupoles
U =2r,,(r, - rE/tr~rt t'E. oriented perpendicularly lo the bending plane, a novel

where r .r,. and r,, are the radii of the outer and inner ion optical arrangement,"' which is very well suited

electrodes and the cenlral trajectory. respectively. For a for this use. It permits att ion beamn to merge contially
gap distance tot' 15 mrm and r,, = 15 ntm, the analyzer with a laser beam without either the use of'cutntersome
constant c was catlculated to be 0.2005. This vtlue agrees magnets or the more conventional types of electrostatic
with an experimental determination from a least-squares deflection electrodes which would usually require some
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SEPARATION INENGY, W I,(nVP Ill. PROPERTIES OF THE APPARATUS
1000 500 100 50 0 50 tOO 500 100

,0 7525A - The apparatus can accommodate laser-ion beam stud-
A,, hies in both coaxial and 90* crossed-beams geometries.

a • . A*AIn each case, the ion fragments ejected at angles near

"7 0 = 0 or 180 are observed along the beam axis at the lab
U 6 -tangle 0, = 0 -± 0.001 (AO - 2 x l0srad). Proper ad-

5justment of the second quadrupole potentials is required
o A to assure that 0 = 0; otherwise the values of W deduced

S3 from Eq. (2), with 0 = 0 (or 7T). will be incorrect (and will
,2 always be low). This complication is a necessary by-

product of the coaxial geometry which requires deflec-
0 .-- - tion of the dissociated ions before they are energy

1440 1460 1480 156 1t20 1640 1560 analyzed, and did not exist in earlier experiments. How-
LABORATORY PHOTOFRAGMENT ENERGYt IpVo ever, this alignment problem is easily solved and has pre-

FIG. 4. Photofragmenl energy spectrum for ArT" + hv-- Atr sented no real drawback to the method.
+ Ar at 752s A. The lower energy scale gives the laboratory photo-
fragment energy, which is directly measured; the upper scale gives the
total separation energy determined as discussed in the test. A. Coaxial laser-Ion beam configuration

form of opening to be placed in one of the electrodes The coaxial configuration permits a large intteraction
to afford passage of the laser beam at the expense of volume: the laser and ion beams are merged over a 33-
field homogeneity. The capability of viewing the ion cm length. Since the laser beam is usually about 2 mm in
beam axis before and after deflection greatly eases diameter, the interaction volume is 100-200 times larger
alignment procedures. Moreover. th: quadrupole deflec- than that afforded by the conventional crossed-beams
tors are quire achromatic, creating little distortion in the geometry, and the resulting sensitivity of the apparatus is
ion beam after it has been bent through 90°. Ions on similarly increased. However, since the laser polariza-
one side of the beam in the plane of deflection are lion is always at right angles to the ion velocities, this
switched to the opposite side after passage through the advantage is fully effective only for "'perpendicular"
quadrupole. but the angular collimation of the beam is transitions, where the fragment ions are ejected pri-
essentially unchanged even for a relatively large energy marily perpendicularly to the laser polarization, and
dispersion (ltY•). Edge effects due to fringing fields thus in the direction of motion of the parent ion beam
at the entrance and exits of the quadrupoles are cor- (0 = 0or n-)for dissociations near theenergetic threshold
rected with shim electrodes as described in Ref. 10. (W - 0). or for excitations that do not result in dis-
In tests of this apparatus with a 3-keV ion beam whose sociation.
energy spread was about i eV. essentially all of the beam A typical spectrum for the reaction Ar2*( 1S.*) + hv
that had passed through the two collimating apertures Ar+ + Ar is shown in Fig. 4 for a 3-keV parent ion
A2 and A3 12-mm diam separated by I ml) also passed beam and coaxial laser at 7525 A. The spectrum is sym-
through a 3-mm aperture at the end of the 33-cm drift metric since photofragments ejected into c.m. angles 0
space following the first 900 deflection. and 7r are detected with nearly equal efficiency. The

The energy dispersion of a quadrupole deflector is center of the spectrum is at 1500 eV. as expected for the
about 85Y; of that of a conventional 127' energy analyzer photodissociation of a homonuclear diatomic. A scale in
of equal angular aberration.1 " and is manifested in a dis- the photodissociation energy W, as calculated from Eq.
placement of the ion trajectories in the bending plane. (2). is shown at the top of the figure. A detailed study
rather than an angular dispersion, so that a long coaxial has been made of this photodissociation using both
drift path following the first deflection can be accommo- coaxial and crossed laser beams at 14 wavelengths
dated without loss of overlap of the ion beam with the between 4579 and 7993 A. This work" was used to deter-
laser. The absence of angular dispersion due to the mine the 1'. ""_,*. and I11v potential curves of Ar" to
benders also permits it high degree of angular resolution substantially higher accuracy than had been previously
without loss of signal at the energy analyer and permits possible. The identification of the peaks shown in Fig. 4
a ntuch higher reoltition ofthe ion disocialion fragment was based on this work.
energy spectra than ha', been possible in previouts We note that individual vibrational levels are not re-
experilnents. solved here. as they have been for H2' 1,3 and OR'*

A% the energies of the fragment ions are scanned by This is not surprising since the spacing of the Ar," vibra-
the 140) energy analyer. the potentials on the second tional levels is only about 30 meV. and the rotational
quadrttpoles are %%kept so that fragtnent ions of the spread at our ion source temp.rattire (-4(X) K) is ofthis
proper energy are directed onto the center of' the en- order. When this rotational spread is combined with the
trance aper•utre of the energy analy/cr. The qu;adrutpole finite energy resolution of the apparatus, it is cleariy dif-
voltage is approximately 0.7 times the kinetic energy ficult to resolve the individual vibrational levels in Art'.
(eV) of the transmitted ions.'" An example will he shown ltter where vibrational levels

1310 Rev. Sel, Instrum., Vol. 41. No. 10, October 1977 Loaer-excited Ion beams 1310
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9 0 2 (al 02 02"(b. tI *O' 0 0

•7 58153

Ftc. 5. Spectrum of photofragment% observed
near VV = 0 a% a function of wavelength for -

the transition indicated on the figure.

-3
Z

0'

5830 5825 5820 5815 S810
ABSORPTION WAVELENGTH (Al

of 02 are well resolved, and the energy resolution of about 30 meV for normal photofragment spectros-
the apparatus is demonstrated to be about 5 x 10-4. copy.2.3.1,1,RThe peaks shown in this figure correspond to

The angular dependence of the photodissociation frag- transitions between specific rotational and fine structure
ment ions has been treated by Zare and Hershbach"' levels of the al., state and the h4

1-, and .f'[g states.
for cases of zero and infinite dissociation (or predissocia- Work is currently underway to interpret results such
tion) times and by Ling20 for varying lifetimes of the as those shown in Fig. 6 in terms of the energy levels
intermediate state. In the zero-lifetime case1 ' the distri- of these states. In order to avoid the complication
butions behave as P(p) o [I + .8/2(3 cos2 (8 - 0)]. ofthe two Doppler-shifted frequencies, r,( I ± vrk). seen
where I3 is the angle between the laser polarization vec- by the beam in the intracavity operation, these data
tor and the c.m. fragment ion velocity, and - I s -3 s 2. are obtained using the extracavity laser beam.

The angular distribution can thus vary from isotropic Another advantage of the coaxial configuration is
to cos2(/ or sin"f3. Inclusion of varying lifetimes" and the that the ions in fast beams can have a very narrow
effects of spin-orbit coupling"7 significantly complicate Doppler width for absorption of the laser photons. This
this picture, but all basically tend to make the angular effect was recognized early in the planning of our ap-
distribution more nearly isotropic. Thus fragment ion paratus and has since been discussed t and exploited 6-'
spectra can often be observed even for basically parallel by others. The energy spreads of a few eV or less in
transitions (AA = 0). with coaxial beams where P03) the laboratory frame of reference that characterize
x sin 2P in the limiting case. An example of this is the
2,1 - 2+. transition shown in Fig. 4.

The coaxial beams arrangement is also well suited to 0 I

the threshold (or. perhaps better, "predissociation") o0' * • o'. 0

photofragment spectroscopy. 4 With this technique, a All, - 5818A

tunable laser is used to investigate photodissociati,.ns as V
a function of laser wavelength, near the threshold, which
result in near-zero-energy photofragments. These photo- s -

dissociations can result from transitions to a repulsive
potential, to quasibound levels near the dissociation • 6

limit fas in rotational predissociation), or to a predis-
sociating bound state. For predissociations such as are U 4
observed in O.2. the resolution depends primarily on
the lifetime of the predissociating level, the energy 4

spread in the ion beam. and the linewidth of the laser.
The characteristics of the photofragment spectra ob-
served as a function of both kinetic energy and wave-
length allow the dissociating state to be identified, and

levels of both initial and final states to be determined. A 0 _______ _
typical wavelength spectrum of the dissociation cross 581535 581510 68(66is 6620 $ I86s(

ABSORPTION WAVILINGIN (SI
section obtained in this way for the transition Oa+(a 4fl., Fin.6. Velocity-tunedspetnrmof 0 hotofrasmentscovenn th
I. - J I. h+ --- 0' +- 0 is shown in Fig. 5. Here the ob- 0,2-A wavelength rangle near 51g15 A indicated in Mtg. lttawer wa%
strved energy resolution is 0.1 meV, us compared with operated %ingle modle).
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,00 .0. 25o or, , A. o2 ,, t schem e7'• for both vibrational and electronic transi-
- - -7 _T lions. This technique has the advantage of not requiring

I . .. I , I I that the transition lead to predissociation, but requires
.o,-..... o o , the use of phase-sensitive detection since a small change

in the primary ion current must be observed.
Finally, although this capability has not yet been

demonstrated, calculations show that it should not be
difficult to observe laser-induced fluorescence from the
beam. A photomultiplier and filter for this type of ob-
servation are indicated in Fig. 2. In some cases, it

£' should be possible to use a monochromator to observe
the fluorescence and determine not only the absorbing

,0 . , states but also the fluorescence channels.
4o 1460 I14W ism0 152 ,ir4o 1560

LABORATORY -O1O fRAGMEN7 FNERtGY I.V B. Crossed-beam configuration
FIG. 7. Photw fragment energy spectrum for O):'to 'I) + hi, -. Om
+ 0 o•tained art 5u46 A using crossed heams. When 'parallel- transitions (AA = 0) in photodis-

sociation yield angular distributions with near-zero frag-beams from many ion sources are unchanged when the ment ion intensities along the axis in the coaxial arrange-
ions are accelerated through electrostatic fields and the ment, the laser polarization vector can be oriented along
c.m. distribution of velocity components along the the beam axis by directing the laser at 900 to the ion beam
beam axis becomes very narrow, with equivalent kinetic axis in the more traditional arrangement. An example is
temperatures, as seen by the laser, of a few kelvins. shown in Fig. 7, which shows the photofragment energy
The increased absorption strength at line center and spectra of the photofragments following the al1,,
narrowness of optical transition lines can be very use- -- f 1r, transition in 0,'. as was observed by Tahchd-
ful in high-resolution spectroscopic studies and photo- Fouhailli el al.'R (as compared to the wavelength de-
excitation of ions, or using fast neutral beams produced pendence of the cross section near threshold as shown in
by charge transfer from ion beams. To achieve optimum Fig. 5). Here the vibrational spacings of the a4 l,, initial
resolution, single-frequency lasers must be used. Fine state are sufficiently large to be well resolved by the
"tuning" of the absorption wavelengths can be achieved energy analyzer, and the structure seen in Fig. 7 shows
at a fixed laser frequency by varying the ion beam energy the high-energy resolution obtainable in this apparatus.
and Doppler-shifting the absorption lines through the These data were obtained at 5846 A. and are directly
laser frequency. The electrostatic cage shown in Fig. 2 is comparable to the same results shown in Fig. 5 of Ref.
used to vary the beam energy and obtain such a 'veloc- 18. The apparent differences are the larger peak at W = 0
ity-tuned" spectrum. Thus by use of a relatively simple and the additional structure in our data. The main vibra-
voltage sweep one can effectively use fixed frequency, tional levels observed here (v" = 5. 6, and 8) agree with
multiline lasers such as CO and CO lasers as though those in Ref. 18 within the combined experimental uncer-
they were continuously tunable, and can "'tune" tainties (±20 meV). and with the locations expected
single-frequency dye lasers in the visible over several from optical and photoelectron spectroscopy (see Ref.
angstroms. 18). Dissociation from levels v" = 9 and 13, not observed

An example of a velocity-tuned spectrum is shown in in Ref. 18, is clearly present here as are shoulders on
Fig. 6. To obtain this spectrum, the beam energy was the ve = 5 and 6 peaks and on the central peak. The
swept from 3180 to 3600 eV. while the laser was e = 5 and 6 shoulders probably arise from dissocia-
operating single-frequency near 581i A. While the ab- tion via the O(3pP) state.'" The fact that the IV = 0
solute wavelength is uncertain by ±1 A. the relative peak is larger in the present data can be due to a very
wavelength is precise to within ±0.000(5 A (50 MHz) slight difference in wavelength in the two experiments,
and the laser linewidth was only 0.(XX)l A. The five dis- since the photofragment signal near 5846 A varies
tinct peaks and the ,houlder all lie within the hand of 0.2 rapidly with wavelength, as in the data of Fig. 5.
A indicated in Fig. 6. and together make up the peak
labeled 5811.3 in that figure. The peak widths in this ACKNOWLEDGMENT
spectrum vary from 170 MHz 0•. x I0 1 eV) to 7W0
M/t (2.9 x I0 " eV1. reflecting the lifetime of the pre- This work was supported by the National Science
dissociating statest. Tlhe 3-cV energy spread of the ion Foundation, Army Research Office, Air Force Office of
beam cu,,es a•,l)oppler widthot' 120M IH which is folded Scientific Research. and SRI International through its
into the observed %sidthhs. This, technique shoiuld %icld Independent Research and Development Program.
ncdalirelneiuit ol' trainition energies thalt aite an order of
rnagnitude morne precise than existing spe"tographic P' i'rc,,enl dtrt,,,,: Rruhrunivt'rs:,l tlhhuh•n, 40.lthw lo.hum, Wc,,
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APPENDIX C

PliOTODISSOCTATION CROSS SECTIONS OF Ne, Ar2  Kr2  AND Xe2

FROM 3500 TO 5400

L. C. Lee and G. P. Smith

Molecular Physics Laboratory
SRI International, Menlo Park, CA 94025

ABSTRACT

The photodissociation (photoabsorption) cross sections of Ne2 +, A+

+ +Kr2 and Xe have been measured frc-w 3500 to 5400 X. The rare gas dimer

ions were produced in a drift tube mass spectrometer, and the Kr+ and Ar+

ion laser iines were stAd as the photon source. The cross sections decrease

monotonically -4th increasing photon wavelength fiam 3500 to 5000 X, and

then increase with photon wavelength. 1The cross sections have values of

-18 2 + +
1.93, 13.3* 24.8, and 29.6 x 10 cm at 3569 and 3507 1 for Ne2 , Ar 2

+ +

Kr , and Xe2 , respectivtly. The current measurements are compared with
22 + +

various theoretical calculatio.vs. The dependence of the Ne2 and Ar
22

cross Sectiot-w on the effective kinetic temqerature was investigated by

increading the ion drift velocity, and wc-3 attributod to vibrational

excitation of the ions.

HP 78-66R
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I Introduction

+ +
The photoabsorption cross sections of rare gas dimer ions, Ne2 , Ar2 ,

Kr and Xe have recently been extensively investigated, because these

processes are important for detailed characterization and optimization of

the rare gas excimer and rare gas-halogen Iasers. 1  The photoabsorption
2,

of rare gas dimer ions occurs by transitions' from the bound ground

electronic state, l(h)u, to repulsive states, which results in dissociation.

4,5Several measurements have been made on the photodissociation cross

sections of the 1(0 )g - l(Q)u transition in the visible region. The

experimental data for this transition are reasonably consistent with

2-6
theoretical calculations. On the other hand, absolute photodissociation

cross section measurements on the 2(h)g -- l(ý)u transition in the ultra-

7 + + +violet region have only been made by Vanderhoff for Ar , Kr, and Xe
2 2 2

at 3.0 and 3.5 0V, and relative photoabsorption cross section measuraments

attributed to Ar and Kr 2 + have been made by tlunter e t a'*. Theoretical

calculations on this photoabs.orption band are very extensive.2,6,910 Since

this ultraviolet abborption band is important in various laser applications

involving the rare gases, additional experimental study Af this band is of

i.tierest. Ve report here absolute photodissociation cross section measure-

t.ents on all four of these tons in the 3500-5400 1 region.
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II Experimental

The measurements reported here were made using a drift tube mass

"spectrometer which has been described in detail in a previous paper.

Basically, the apparatus consists of an ion source, drift region, mass

analyzer, and ion detector. The source and drift regions were filled

with the gas of interest at a pressure of 0.4 torr. Ions produced in

an electron impact source move along the drift tube under the influence of

a weak uniform electric field toward a I-mm diameter exit aperture.. For

the photodissociation cross section measurements, the ratio of the applied

electric field to the gas number density, E/N, was limited to 10 and 20

Townsend (I Td 1 10 V-cm 2). The dependence of the apparent photodisso-

ciation cross section on the applied electric field was also studied by

varying E/N from 10 to 170 Td.

The drifting ions intersect a laser beam of diameter - 1.5 in front

of the exit aperture. Various visible lines of Ar and Kr ion lasers,

tuned by a prism, were used as the photon source. The ions were inside

the laser cavity. At the uv lines of Ot Kr ion laser, which consists of

251 3569 X and 75A 3507 X, the ions vere outside the laser cavity. Thm photo-

dissocition cross sections at these photon wavelengths art large, so the

laser power was reduced to avoid the diffusion effect caused by a high

12
percentage of ion destruction. The laser was m•eOanically chopped at

100 liz. The ions of interest were selected by a quadrupole =ass spectroeter

and detected by a channeltron electron =ultiplier. The nu=ber of ions were

C-3



'ounted for equal periods during which the laser was on and off. The cross

sections were placed on an absolute scale by normalization to the 0 and 0o

photodetachment cross sections. The reduced ion mobilities used for

Ssuch normalization were obtained from the recent Uiterature.15,16

At each wavelength the number of ion councs were accumulated until the

statistical uncertainty in the photodestru.:tion signal was less than 10%. The

relative intracavity photon intensity is determined by measurement of the laser

output power, with an uncertainty of less than 5% for every wavelength

measured. The ion mobility is known to within 5% of its true value. Including

the uncertainty in the 0 and 02 photodetachment cross sections used fer
b2

normalization, the experimental uncertainty for the aWtolute photodissociation

cross sections is estimated to te + 20%.

III Photodissociation Cross Sections at Low E/N

2.9
The photodissociation cross sections oL molecular ions are dependent

on the rotational and vibrational populations of the ions. Thus, data on

photodissociation cros seccions art meaninglul only if the Populations of the

ions are reasonably well defined. The populations of dimor ions :an be affected

5uy the applied electric fielo (see Section IV) atW by the protsses that form

thAe ions. The diz.er imis are mainly focmned by a Lhree-body reaction that cuy

produce the ions in vibrarionally excited states. However, at :-W values of

EM/• (less thio about 20 Id), the ion kinetic e•nrgies acquired from the field are

mauch less than from thcrmal collisions at tao= temperature, and these ions will be

wiell relaxed by coigisioos in the drift region. They are essentially in thermal

equiibriut at near roo temperature (300 K). The photodissociation cross sections

JJ
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e+' 2+ K+ +
of Ne Ar, Kr, and Xe2  at various photon wavelengths are listed in

+ + + +
Table I where Ne and Ar were measured at 10 Td, and Kr2  and Xe at

2 2 2 2

20 Td. The reduced ion mobilities used to calculate their drift velocities

are 6.26, 1.83, 0.995, and 0.617 cm /V.sec for Ne2 +, Ar 2 +,1, Kr 2 , and

+ 16
Xe2 , respectively, in their parent gases.

The photoabsorption bands reported here result from the 2(½)g - l(½)u

transition. l(½)u is the ground electronic state, which is bound. 2(½)g is

+ 2
a repulsive state dissociating into Rg+(2P) ( Rg, where Rg = Ne, Ar, Kr, or

Xe. These potential curves are described in detail in the literature. 2 ' 3 ' 9 ,1 0

7
The preseaL results are compared with other experimental measurements

and theoretical calculations 2 ' 3 ' 6 , 9 ' 1 0 in Figures 1-3. The present measure-

ments agree very well with the experimental data given by Vanderhoff7 at

+ + +3.0 and 3.5 eV for the Ar and Kr2 ions, but to a lesser degree for Xe2

For Xe2 +, the present data are lower than the values of Vanderhoff,7 but

are coasistent within the experimeutral uncertainties. The theoretical

calculations agree qualitatively with the present measurements, but

quantitatively the theoretical calculations require adjustment. For At2+

the present data ag~rce best with the ab inktio calculations of Stevens et al. 2

In these calculations2 a basis set of Slater-type functions has been used

to construct the single-configuration wavefunctions for th" four Ar2 +

electronic states, 2Eu +a 21+, 211 , and 2u . A large basis set has been

used in anticipation that the transition moment would bc sensitive to any

deficiencies. As shown in Fig. 1, their calculations 2 agree very well with
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10 +
the measurements. The calculations of Moseley et al. for Ar 2 and Abouaf

i e al6 fo r+ e

et al. for Kr are semiempirical. In these calculations the potential
2

curves and the transition moments were adopted from the ab initio caicula-

2,3
tion, but the potential curves were adjusted in accord with the observa-

6,10
tions of photofragment spectroscopy. As shown in Fig. 2, these

semiempirical calculations for Kr2+ agree quite well with the cross section

measurements. The band shapes for the ab initio calculations of Wadt et al.

also agree quite well with the measurements, as shown in Figs. 1-3. However,

their peak positions require a shift toward shortcr wavelengths. This shift

9
has been pointed out by Wadt et al. in comparing their calculations with

8the photoabsorption measurements of Hunter et al. Nevertheless, this

shift of the peak positions requires an adjustment in the potential curves

of less than 0.1 eV. This adjustment is within the possible error of

9
0.1-0.2 eV in the potential curves as indicated by Wadt et al. From these

+ +
investigations, the photodissiciatiou cross sections of the Ar2  and Kr

2 2

dimer ions in the ultraviolet band seem well established. For Xe, however,

the discrepancy between the theoretical calculations and experimental

measurements is large, indicating the need for substantial adjustment in

the potential curves.

8
ThV relative cross sections measured by H(unter et al. are consistent

wi th the calculation of Stveves t al. 2 for Ar2 ÷, and with Abouaf et al. 6

+ 8
fr Kr. When the relative absorption data of Hunter et al. are

!2

normalized to the p;esent measure-means, both Avts of data agree. This
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8
suggests that the absorptions measured by Hunter et al. may be properly

attributable to Ar+ and to Kr2 +

* IV Photodissociation Cross Sections at High E/N

An attempt to investigate qualitatively the relationship between E/N

and vibrational excitation was made. When an ion drifts under the influence

of an electric field, it acquires kinetic energy in addition to its thermal

energy. This additional kinetic energy may result in excitation of the

dimer ions into higher rotational or vibrational states. Since each state

has its own transition probability, the apparent photodissociation cross

2,9
sections of the dimer ions can depend strongly on their initial excitations.

The cross sections can thus be affected by the acquired kinetic energy.

In order to study this effect, the photodissociation cross sections were

measured at a drift distance of 20 cm and a gas pressure of 0.4 torc for

various E/N values from 10 to 170 Td. The results for photodissociation of

Ne at (3569 and 3507) X and of Ar at 4131 X are shown in Table II, in
2 2

which the ion kinetic energy and the effective translational temperature

are also listed. The ion kinetic enerby, EK, is calculated from the ion

drift velocity, Vd, as givext by1 5 ' 1 7 ' 1 8

2 2 +dt
EK mv d + hMv d + k

and the effective kinetic "temperature" is lefined as

Where m and M a•e the masses of ion and parent molecule, respectively. T is
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the gas temperatures and k is the Boltzmann constant. The ion drift

15,16
velocity is calculated from the product of the reduced ion mobility,

19 3
E/N, and the Loschmidt number (2.69 x 10 molecules/cm3). The effective

kinetic temperature is not a true temperature. The translational,

rotational, and vibrational populations at an effective kinetic temperature

are not expected to have Boltzmann distributions.

As shown in Table II, the apparent cross section of Ar is less
2

affected by the applied electric field than for Ne This is because Ar2

has a lower reduced mobility than Ne2+, and therefore its kinetic energy

and resulting vibrational excitation are less sensitive to the applied

electric field. Since Kr + and Xe have even lower reduced mobilities,[t2 2

their photodissociation cross sections will be less sensitive to E/N than
?+

Ar
2 .

Translational to rotational energy transfer is expected to be a fast

process, largely because the energy gap between rotational quantum states is

small for the heavier diatomics. The effective rotational temperature of

the ions at any E/N should therefore be close to the effective translational

2
temperature. Furthermore, Stevens et al. have shown theoretically that

rotational excitation does not affect the Ar 2+ photodissociation cross

section. Thus only vibrational excitation is likely to be responsible for

any E/N variation in the cross section. The amount of vibrational excitation

is determined by two competing processes: translational to vibrational

energy transfer from the kinetically hot Ar 2  (excitation), and vibrational

c-8



+
to translational energy transfer from Ar collisions with the 300 K Ar

14 2

gas (deexcitation). Such V-T processes are generally slow, but in this case

+ +
they will be augmented by the switching reaction Ar + Ar -. Ar + Ar

2 2

The rates for the excitation and the deexcitation processes may depend on

the kinetic energy of the Ar2  ions acquired. Currently, little quantita-

tive information is available on these important energy transfer rates.

At 4131 •, the dependence of the Ar2+ photodissociation cross sections

deedetionh

on the vibrational and the effective kinetic temperatures is shown in Fig. 4.

The cross sections for the vibrational temperature, where the rotational

and vibrational populations are in a Boitzmann distribution, were obtained

from the theoretical calculations of Stevens et al. For a suitable compari-

2
son, the cross section given by Stevens et al, at 300K was normalized to the

2

present measurement. The calculated cross sections of Stevens et al.

are larger than the experimental measurements, but their relative values

for various vibrational temperatures are probably correct, because their

calculations are very consistent with the experimental measurements for

both the visible5 and the ultraviolet bands (see Fig. 1). As shown in

*
Fig. 4, at low effective kinetic temperatu.'e, T , the apparent photo-

dissociation cross section is equal to the value at the same vibrational

temperature. This temperature equivalence indicates that the excitation

process determines the vibrational excitation. At high effective kinetic

temperature, the cross section at each T is smaller than the value at the

samL vibrational temperature. The deexcitation of Ar2+ by collision with

C-9
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the surrounding 300 K gas becomes dominent, and a maximum vibrational

excitation is approached.

The apparent cross sections at the various applied electric fields are

not dependent on the ion drift distance. This indicates that a steady

state is quickly established at each E/N. The vibrational excitation in

the steady state may depend on the gas pressure and composition. From

such dependence, quantitative data, such as vibrational excitation and

relaxation rates, may be obtained. Further investigations on this subject

are planned.

V. Concluding Remarks

5
Including the results reported in a previous paper, the measurements

for the rare gas dimer ions now cover the photon wavelength region from

3500 to 8600 X. Combining these experimental measurements with the

extensive theoretical investigations, 2 ' 3 ' 6 ' 9 1 0 the photodissociation

cross sections for the transitions, 2 (k)g l(k)u and 1()g- l(4)u, are

very well established.

The photodissociation cross sections monotonically decrease with

increasing photon wavelength from 3500 to 5000 •. At longer photon wave-

lengths the photodissociation cross st-ctions increase again. This itcrease

is caused by the photoabsorption of the 1(t)g 1(k)u transition, which

has been investigated previously.4 5

"C-10
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The ultraviolet absorption bands of rare gas dimer ions reported here

* are red shifted with increasing atomic number as predicted by theoretical

calculations. At the uv lines (3569 and 3507 A) Ne is just starting to

+
absorb, while Xe is apparently near the absorption maximum. The oscillator

2

strengths for this ultraviolet absorption band are of the same magnitude 3

for all the rare gas dimer ions reported here, in contrast to thr visible

3,5 +
band, where the absorption oscillator strengths incrcuse frcrt Ne to

2

Ar2 to Kr2 to Xe 2 The ultraviolet band has a largk transition moment,

and the electronic states involved are similar for all rare gas dimer

ions. In contrast, the transition moment respons'Abie for the visible band

2,3
is very small, and its transition strength depends strongly on the

2-6
spin-orbit coupling which increases as the atomic number of the rare

gas increases. Because of the weak spin-orbit coupling, the absorption cross

section of Ne2 in the visible region was too .mall to be measured.
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Table I

-18 2
Photodissociation cross sections (10 cm2) of dimer ions

+ +

at various photon wavelengths, X. Ne and Ar were
2 2

measured at 10 Td, and Kr and Xe at 20 Td
2 2

___Ne +Ar +Kr +Xe

5309 < 0.012 0.033 + 0.004 0.028 + 0.005

5208 < 0.028 0.026 + 0.006 0.022 + 0.004

4825 0.024 + 0.012 0.100 + 0.014 0.102 + 0.011

4762 < 0.11 0.035 + 0.016 0.122 + 0.013 0.147 + 0.016

4680 0.082 + 0.022 0.203 + 0.022 0.244 + 0.024

4579 0.130 + 0.012 0.39 + 0.03 0.64 + 0.03

4131 < 0.09 1.05 ± 0.10 3.18 + 0.28 5.50 + 0.55

4067 1.60 + 0.17 3.63 + 0.37 7.32 + 1.33

3569 1.93 + 0.20 13.3 + 1.1 24.8 + 1.9 29.6 + 2.0

3507

I

I t-.. C.. Z4..h•.,++• . + .+ ... +•.•.: ,. : '...m ,+ • ''" :, ,•' •• _ % . . .. I•" ' :•''I I



Table II

-18 2
* Apparent photodissociation cross section a(1O cm average

ion kinetic energy EK (meV), and effective kinetic temperature
*-17 2 +
T (K) at various E/N (10 V"cm ). Ne was photodissociated

2 +
by photons of wavelengths 0569 +3507)K and Ar by 4131

2

N+ +• E/N N cc Ar2

2 2

E T EK T a

* 0 39 300 39 300

10 48 368 1.93 + 0.20 40 312 1.05 + 0.10

20 78 602 2.96 + 0.19 45 349 1.45 + 0.10

30 53 406 1.69 + 0.18

40 208 1604 3.97 + 0.35 65 502 1.75 + 0.20

50 78 602 2.00 + 0.23

60 96 744 2.88 + C 15

70 119 9i7 3.11 + 0.35

80 145 1118 3.88 + 0.26

100 208 1604 4.89 + 0.32

120 281 2173 6.25 + 0.36

140 359 2775 7.00 + 0.42

160 440 3398 7.35 + 0.74

170 462 3571 8,17-+ 0.82

C-1
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APPENDIX D

Photodissociation of atmospheric positive ions. 11.
3500-8600 A

G. P. Smith and L. C. Lee
Molecular Phjysici Laboratory, SRI Inteeneural, Menlo Park. California 94023

(Rteceived 11 August 1978)

1'irng a drift tube mass spectrometer. phitodissociation cross sections have been mieasured for masny
positive atmospheric clusWer ions at ion !aser and dye laser wavelesdths between 3500 and 8600 A
Siructurcels cross sections were observed for the dimser ions 0'. NONO'. N:.' and COICO2. and for
cluster ions of O,'. The nature of the electronic santes involved is discussed. Evidence of a second
dissociative state for 0. and O1'.H,O in5 the ultraviolet is preseted. Upper [unsits on the cross sections
of COCO' and cluster ions of NO* and 11,0' below Ix 10 " cm' were established at many wave~lengths.

1. INTRODUCTION 100 Hz and the ions of interest are counted in two sep-

In a previous paper, 1we reported photodissociation arate counters corresponding to laser off (19) and on (1).
cross sections for several weakly bound positive cluster Measurements were made using the argon laser lines
ions, including NONO', CO0, and 0, H20, in the wave- at 5145, 5017. 4965, 4880, 4658, and 4579 A, and the
length region from 5300 to 6700 A.Since such ions are krypton laser lines at 5309, 5208, 4962, 4825, 4680,
important in the tower ionosphere and photodissociation 4131, and 4067 A. The krypton laser output used for
by visible sunlight can be an important loss mechanism, the ultraviolet measurements was 60~ at 3507 A and
our u..derstanding of this region requires the determina- 34'k at 3569 A. Dye laser measurements were made
tion of these photodissociation cross secthons 2 over a at 5300-5700 A uaing sodium fluorescein, at 5700-
wider range of wavelengths. These extended measure- 6300 A using rhodamine 6iG, at 6200-6900 A using rho-
ments also provide some information on the electronic damine 640, at 7000-7700 A using oxazine, and at
states of in.' 7700-8600 A using DEOTrC pumped hy the krypton laser

We have now extended these measurem~nts to 3500 A red lines.'
in the near uv and to 8600 A in the near ir. using both a The positive ion photodlmsociation cross section is
tunable dye laser and the lines of argon and krypton ion measu red relative to OJphotodetachment and normalized'
lasers. We report photodissociation cross sections for to the well -established values of this cross section. Thus,
0;, NONO', COC.,cQ Ni, CO;. o; H20. and 0 2H 20. a(A*) = o(0') )(n4lK, [nI/)r4 ~ where A is
We have also determined upper limits on the cross sec- the ion mobility and ip is the photon flux. The 0; cross
lions for the tons COCO% Nzfi', NO%. H20, NO'- ZHaO, sections of Cosby et at. 7 were used from 4800 to 6700 A
NO'. CO,, NO'.- N,, and H 3 O%.nHZO, itzO, 1. 2,3. These Above 6700 A, the crosu sections given by Lee ert. l.
measurements provide information on the electronic for Oj. maeasured relative to the D-" and O'i photode-
structure and bornding of cluster ions. tachment cross sections, were used. These values are

- 20% higher than those of Burch et al.,%' and vary lin-

It. EXPERIMENTAL early from I l5)lO"IScm2 at 7000 Ato 0.90xl0"1cm2

The rif tu,-!mas spctroete aparaus as een at 8000 A. Below 4600 A, the cross sections for 02
Te dr estrtbed mssprectromel.'ter s apprated has belen- photodetachment given by Burch ef al." were used.

eteonsipativel dhesribed previony. Iondusequent byone- These values are confirmed by our recent measure-
Ironimpct n te surc regonandsubequnt on- ments$ on 0; relative to the 0O cross sections of B~rans-

molecule reactions, drift slowly down the tube under the comb et at.'1 The resulting absolute uncertainty In the
influence of a weak applied field. At typical values of positive ion photodissociatlon cross sections from this
the ratio of the electric field to the gas density (E/x) of procedure is about 2001. A direct normalization to the
1.0-20 TId, the ion energy is essentially thermal, and 0' cross section is not possible at the 400 mtorr pres-
most ions at the end of the drift tube have undergone sures used to make most positive cluster ions because
thousands of collisions with the background gas. For large amounts of 03;. which produce 0' photofragments,
example, 0; in 0, at 300 K and 10 Td. has an average aeprsnathipesue
kinetic energy' which corresponds to a temperature of
312 K. Even if the effective vibrational temperature is Unless otherwise noted in the text, all measurements
equivalent, no major change in the cross section from were made at 400 mtorr pressure, 20 cm drift distance,
added vibrational excitation is expected for such a small and an E/.V of 10 or 20 Td. The ion mobilities used are
12 K temperature variation. At the end of the drift tube, those listed previously,'I and are listed ift Table 1. Care
the ion swarm intersects an intracavity laser beam was taken to avoid those conditions describadl In our ini-
which is perpendicular to the drift field. The ions then tial report' which can cause inaccurate cross section
exit the drift region through a 1 mm diam. hole into a values. Thus, gas partial pressures were chosen to
high vacuum region where they are mass selected by a avoid fast ion recombination reactions of the photodis-
quadrupole miass spectrometer and detected by a chan- soclated fragments, formation of the Ion of Interest from
nel electron multiplier. The laser beam is chopped at photodissociation of larger clusters present, and the

J. Chsem. PhyS. 69412l. 15 Doc. 19713 0021 96M6/7/6912 5393S01.00 0 1978 Amecican Institute of Phlsyss 5393
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'rABIJ 1. Ion mobilittes used, the possibility that a third mechanism may be respon-4
sible for the long, flat, low cross section between 4000

Mobiityand 5800 A, At photon wavelengths shorter than - 5900
IonGa Iet' ~A (above 2. 1 eV), production of 0 2 (h I,.) from 0* photo-

2. 1)11kdissociation is also thermodynamically allowed, and

NOW NO I.this process may be responsible for the ultraviolet dis-

NN, . ) One can also obtain an approximate estimate of the
first repulsive state potential from the data B~ecause

U) I ~little is known about tue 04 ground state. othter than its
co C- . . dissociation energy and total entropy, we of necessity

If( 01 ,, use only a very simple approach. The ground state is
represented by the (02-02)Y stretch r =0 harmonic oscil-

02'21i.( 0. 1.I lator vavefunction, bound by Do ý0. 41 PV. 13 The re-
Nitf' N, 2. 121 pulsive surface is modeled by a simple point centers of

Ni)'i~i) NO l23'repulsion potential 11(r) = CO- r,)"'. To a rough first
approximation. 14 the relative photodissociation cross

NI ~i2 ) N() .section at energy Do 4 V(r) is given by the square of the
NO* -(C, C, I. L,.b harmonic oscillator wavefunction at ,- times the fre-

NO' -N, N7 quency. To match the data, we must choose or fit four
(11 Sbparameters: the inteirnuclear separation r, the vibra-
02 2 .SS~tional stretching frequency Lc,, the index of repulsion

If,()- - Im~) 01 36bii n, and the constant C. The magnitude of the peak in the

if 1r ý1:o 1 L.,,calculated cross section is norm~alized to the experi-
ii.''31.0 o *.mental value.

Before discussing the choice of parameters, an exam-
'iie~renv 2. aieleenee12.ination of the approximations involved in this technique
'itet-renr I.is warranted. This 'reflection model is more fully

discussed by llerzberg. 1 The cross section is given
by oWv = W~ 'dr. The ground state wavefunction

establishment of fast equilibria between the ion of in- is that for a r _ 0 harmonic oscillator. The upper
terest and other ions which are present in large concen- state wavefunction ." in this model is approximated by
trations or which have large photodissociation cross a delta function at the classical turning point. The re-
sections. All measurements were made at a photo- suits of this procedure deviate onlY slightly from those
dissociation loss below 1511 to prevtayefet fdf using accurate repulsive eigenfunctions. 13 In using a
fusion on the cross section values. This required most curved repulsive potential rather than a linear one, a
measurements for NOWO and CO-C0.i above 5500 A be factor related to the proper normalization of the upper
made outside the (lye laser cavity at very low laser state wavefunctions must be introduced. Gislaawnt has
powers, shown that .'I-) wt, ioh"' 7 601. Finally, the trans-

Ill. DIMER IONS

A. 0. PHOTON INEitiY ivvl

The OZ piiotodi~svot atioi' cress section dtzia is pre- 20 2 30 3
*ontrd in Fig. 1. "te error Wars represent one stondard l
Or% litioai relativeo error PittributAblo to counting stiktts- 0;-
ties. The sirurtureleso forme of the cross s~etIon. ex. e . .Siwi

aminvki previously In greater detail fromt 57040 to 670W A, , . .~a ad~'.t
is contirtned over a much witter wavelenigth range. Thiu c ', icg 1 e~a'a,o

4taniic W.040 for tilittl ions, wkith a weatkly hound state *

h~v*Ig the chargte equally sIcarotd between thv two idonti- 1*
r~l0. nueel.sW~ * repu1_Sivv tipper state. Tie cress

11ection peaks near 110 A Wnd oxtrapolation of the long a
wareiefleh Uata gueevt5 Aiii olitiv rri*As 4eeiott to 54t -

least (0" A. These mesreetssre with the rv. 0
4ilt4 of lIsier and Vafulerhofl.' "Also isho*" In Fir. 1. 11" MO i 5000 4000

4t sArtoups laser W'savs.stq~ih wstwee 4519 sAM 0764 A. WSAVI LUNnO I U~

T,%- ri~sv w the crjioss seeln tselow W00 A clearly Iin. ý * 1'." 4ý m, Jk ir.'n tO-i 4 I h ie k-% .hsii, te
4tafbeie the nitset of 4 PecOW dwitocilatii'e Proess. in- tk~i 1: The -414,, I1e' fit t' .&Mi-1i groni g.t-eetAl frirb-

v'slviAc sOt 4ddtioaa oxdtes3 #1410 of 0., We also note LAt , t.%%.

j w vai Go,. 17 is oo~. ioe
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formation to a wavelength scale gives PHOTON ENERGY (eV)

o()X. o t [1 '(r) 2[dV(r)ld ]. 1.5 2.0 2.5 3.0 3.5

The distance r, functions much like a scaling factor, 24. NONO'

and other parameters are rather insensitive to its vari- - This work
ation. Thus, r, Is fixed at the approximate value'

3 
of 20. '. Vanderhoff

3.0 A. In one sense, C is a similar scaling parameter z -1 Model calculation

for the potential energy, but C is roughly determined - ' -

experimentally by the wavelength peak in the cross sec- 0

tion. Thus, r=r, and V(re)= C=E_,,-Do. The two 12'

remaining parameters w, and n which determine the 8
width and steepness of the potentials, respectively, de-
termine the width of the cross section. The frequency cc 4.

w', can only be estimated. We choose 700 ±300 cm-i, in
rough accord with Yang and Conway's range.'" We can 0
now determine (for w, = 700) the value of it which gives 8000 7000 6000 5000 4000

the best match to the experimental cross sections, and WAVELENGTH (A)
briefly examine its variation with w,. FIG. 2. Photodissociation cross section for NONOe. Triangles

represent the results of Ref. 21. The solid line fit is derived
From the 0 cross section maximum at -8000 A. C from potentials described in the text.

=1.15 eV. For n=ll, the model gives a cross section

of half-maximum (~-3.5. I0"18 cm
2
) at 7100 and 9100 A,

and a cross section less than l× 10"tl cm
2 

at 6400 A,, as subject to considerable statistical noise. The results
shown by the solid line in Fig. I. An equally reason-
able fit can be accomplished for w =400 cm"

1 
and ui-8 agree with those of Vanderhoff, also shown in Fig. 2,

r rand show no significant structure in the cross section.
or for w 1000 cn and si= 16. Thus, any of the values This again indicates direct dissociation via a repulsive
typically found' for it are possible. Secondly, the fit uprsae
to the data is not particularly good, as might be ex-

peeled for such a simple model. The paak of the ex- The data shown in Fig. 2 suggest a possible double
perimental cross section is much narrower, especially peak in the cross section. We believe this is unlikely
on the long wavelength side, than the fitted curve indi- for several reasons, and that a single, broad, flat peak
cates. This may signify a flatter repulsive potential exists. Measurement of such large cross sections had
than an inverse power potential at lsrger distances to be made on ions outside the laser cavity, take a long
kshort wavelength), i.e., the excited state potential ma. time, and are subject to large error. Secondly, Vander-
also have some attractive character. In addition to con- hoff's

2
' measurements are similar to ours, but show no

straining the functional form Uf the repulsive potential, double peaking. Finally, a second repulsive NONOe
the model also neglects the effects of low frequency state can be ruled out, since the NO(211) + NO'(

t
i) com-

ground state rocking vibrations between the 0 nuclei. bination should form only two molecular states.

The model calculation is somewhat imprecise because Note by comparison to O0' that the peak in the cross
the va* -,. of n, depends upon an uncertain choice of We. section is shifted to shorter wavelengths and is both
In spite of the uncertainties discussed above, the photo- broader and larger in magnitude. The larger NONOe
dissociation cross section measurements do permit a dissociation energy of 0, 59 eV

22 
indicates a stronger

determination of the ion-neutral repulsive potential to interaction between fragments, presumably in the re-
within 0.1 eV over a narrow range of distances near the pulsive upper state as well, so the -0.4 eV shift in the

ground state equilibrium radius. Scattering experiments peak to shorter wavelengths is reasonable. Thus, forSare more difficult and typicallytll yipld potentials of sire- the simple potential model, C - 1. 3 eV for a peak at

liar ',ccuracy. Furtnermore, future photofragment 6500 A. The greater breadth of the cross section com-
spertroscopy experiments on 0ý should provide much pared to 0 is consistent with a more repulsive, i, e.,
now information, permitting a more precise determina- more strongly interacting, upper state.
lion of Ile potentials. This procedure was recently Proceeding with a crude estimate for the repulsive
demonstrated for Ar " " and Kr,. potential, we again choose r, - 3.0 A and w-

7
00 cm"'.

B. NuNO* The best fit occurs for C '. 1.3 eV and n = 16. This mo-
del gives oa- 12'x 10"8 cm

2 
(half-maximum) at 7700 and

Figure 2 presents the NONO' photodissociation cross 5600 A and o = 2.5 x 10"t'r c
t

• at 8700 and 4700 A, and as
section results, measured in N.,O. The crcss section seen in Fig. 2 fits the data very well, with slight devia-
varies smoothly from a threshold near 8700 A, to a tions at the flat maximum of the cross section and at the
broad flat peak of 2' 10".1 cnr between 7200 and 5800 A, longest and shortest wavelengths. The broad flat peak

and declines to - 1.0, l0"I' cmns between 4000 and 3500 may indicate that the potentials are more .oniplex, and
A. The data near the peak was taken with the ions out- should include the effects of (NO-NO)' vibrations. The
side the dye laser cavity to avoid a power dependence frequency w, is not well known and may vary consider-
due to diffusico,. Because of the low photon flux and ably for different diners. Therefore, the steepness
long measurement times, the data near the peak are parameter it of the NONO' repulsive potential, which
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PHOTON ENERGY (eV) 5300 A were thus taken outside the dye laser cavity, and
1.5 2.0 2.5 3.0 3.5 the lower precision of this technique is reflected in the

28 .- . ... . statistical error bars. The cross section again shows
no structure, indicating a repulsive upper state, but no

24 'COCO 2  ; characterization of the potential was attempted since the
1'E dissociation energy is unknown. At energies above the

?? 20 t maximum, the cross section decreases steadily to a
o hittivalue less than 1 x 109* cm2 at 3500-4100 A. At low en-

z 16 I ergies, extrapolation of the long wavelength data indi-
o cates a threshold of - 9500 A. The C0CO; cross sec-12 

tion is asymmetric on a wavelength scale, as reflectedi8 Hi:' by the large values at long wavelength, but is nearly
0 .symmetric on an energy scale. This suggests little
S4. curvature exists in the repulsive potential at r,, al-

. though neglected complexities of the ground state poten-
0 _ . ...... . . tial may also be important. In other respects, the

8000 7000 6000 5000 o000 cross section and states of COC00j seem quite similar

WAVELENGTH (A) to NONO'.
FIG. 3. Photodissoclation cross section for COCO'. Data at
5900 A from Ref. 1.

D. N*

Figure 4 presents the cross section data for NA. The
varies with the choice for w,, cannot be compared to the ion was produced in 400 mtorr of N 2, and drifted a dis-
value for 01, although n is larger unless w is 7300 cm- t  

tance of 20 cm at 10 Td. A value of 2.3 was used for
less for NONO. We can only note, from the peak, that the mobility. 2

3 The cross section has a threshold (i 1
the repulsive potential at r, is larger for NONO. Photo- x19-19 cm2

) near 6500 A, and rises steadily into the
fragment energy spectra should define these potentials ultraviolet, reaching I. 1X10" 2 

cm 2 
at 3500 A. The val-

more clearly, ues agree with those of Miller et al. 24 measured between
5700 and 6700 A. In addition, at 7100 A, we measured

C. CO2CO* a cross section of 4±3x10"
2
0cm

2
, and at 7500 A estab-S2 lished an upper limit (one standard deviation statistical

The C02C00 photodissociation cross section, shown in error) of 3.4 x 10,20 cm 2
. This long low energy tail on

Fig. 3, reaches a large maximum exceeding 2x10-1' the cross section may be due to the small fraction of
cm 2 

near 6200 A (2. 0 eV). All measurements above vibrationally excited N4 ions in the drift tube at 300 K.

PHOTON ENERGY (eV)
2.0 2.5 3.0 3.5

12 I

4N

Z FIG. 4. llhotodissociationO cross section for N*.

0 4

•-60D0 5000 40D0
A WAVELENGTH (A)
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*Again, for this molecular dirner ion, a smooth structure- PHOTON ENERGY (eV)fless cross section characteristic of a repulsive excited 2.0 2.5 3.0 3.5
state is evident. The N4 dissociation energy is 1. 0 eV, r
larger than 0, and MONO', and the peakc in the crossF
section is thus blue shifted. Yet, although N4 is bound 12 1 0;h wr H 0
by only 0. 4 eV more than NONO', this peak is shifted Sae a nd Van~d4hotf
at least 1. 5 eV toward shorter wavelength. This sug-
gcsts the excited state potential for Ný is much more re- -E
pulsive at r', than that for MONO* or O' .

We also made measurements on the isoelectronic 0

molecular dimsir Ion COCO%, and found cross sections Z
consistent with zero and below 10"s cm' at all wave-
lengths, including 3500 A. This apparent large shift of
the bound-repulsive transition compared to K*4 is un- 4' 1
expected. One can speculate that CC, with Its dipl 0CCmoment, forms a more strongly bound ion than N2.
Horton et al. 26 estimate a COCO' bond energy of -1. 2
eV. Similarly, as previously observed, the more
strongly interacting ion-molecule pair should have the 0
more repulsive upper state. Thirdly, the more strongly 600000 4000

bound COCO* should have a smaller CO-CO bond dis- WVLNT A

tance, and thus the transition samples the repulsive po- FIG. fi. Photoutfisoetatuus cross Suction for (r'11,0. tsAW

tential at shorter distances, and hence higher energies, from flel. 11 ire shiown by the trtarigle%. Tth. %olhd linc 4boyc

Yet, It is hard to t-nvision such a large difference from ~ A en t.Ic~rt h tssfriweulbimwt
N*A that the COCO' has not begun to photodissociate .i
3. 5 eV. However, note thai the N' is also quite dra-
matically blue shifted from the slightly less strongly ntd fti hf loicesssapywt isca

boundMONO sysem. ion energy.
In conclusion, the molecular turner ions examined In

this work can be characterized by a paeudodlatomic IV. 0' CLUSTER IONS

model. This simple pilcture models the dimer states
afte th grodeapdu~stu-dr tats o 11 ios hund The photodissociation cross sections for CO,, 0O. 11,0,

by less than I eV exhibit large, smooth. hell-shaped an I'210aes'oani is . .~d7 epr

photodissociation cross sections In the visible, char- lil.MeurensfleyradV dehf'ae
acteiste o diectdisocitio thoug a epusi"ex- also b~een inelueed. For the hydrates, mobilities of 2. 5

cited state. The more strongly bound dimers have crtoss an .4cmZ/s were obtiedbmasclrifomO
section maxinma at hi&hrpoo tege. ~ ~ maue value for 0; in ox-nen. "This differs slightly

from the value we used previously 12.1 cm,/V to., but
agrees with the moabilities used by lieyr and Varider-
hall. 11 The results reported in this study are those inea-

PHOTONA INtHRG 1*V1 surentients for waveleeiths shorter than S30 A. 'The
Z6~t 30 3. hydrate values are int good aareeenwt with thoes of

6 Stel. IeI owv e451$ W $30 A. 4ewatr. outrC%

4 10 Z~ $ - 3'

V

40)d

'ittk111 i

It- - . - - - - - - -
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measurements are consistently about 40%, below those of electronic states based on the simple model presented
Rief. 12 in this wavelength range. fBy contrast to our above, an interpretation of this cross section in terms
measurements, B~eyer and Vanderhoff12 conducted their of the molecular potentials was not attempted.
measurements with water, and thus with 0;. -1 20, In the There is a fundamental difference between the positive

dr~f tue. I th millibiun CO~li~'nO~. H0 +CO 2 and negative ton hydrate photodiSSOCiationS studied In
Is achieved last enough, a portion of the larger 02 - 11, this laboratory. While the positive ion hydrates are
cross section may be Incorporated in the COI, measure- c haracterized by a charge transfer transition, for thei ~ ~~~~~~~~~~~~~ment, 1and this could possibly account for a portion otnftv o yraetetastonapast ecn

the iscrpany inresuts.tered on the parent inn. This behavior is clearly re-
These results confirm and supplement the results ob- flecteit by the very similar 0;,~ H20, and 0o;. 2H20

tained earlier'"'2 at long wavelengths, The 0, based ions cross sections,"' and is attributable to the fact that o;
appear to have structureless cross sections indicating a has a vi~sible absorption and l112O is unstable.
repulsive upper state. A more detailed dye laser tx-
arninattos, of CO0 and 0,* -H20 in the blue region of the V. NONOISSOCIATING IONS
spectrum is planned, to clarify the shape :)f the cross
sections and to search further for any structure in the A.N'lutv
cross sections. As B~eyer and Vanderhoff'2 have sug- Table It gives upper limits for the ohotodissoriation

Kigested, one ran probably characterize the lphotodissoria. cross sections of various NO' cluster ions at Kr' laser
tion as a transition between the weak electrostatically wavelengths from 3500-5309 .A. These tons were pre-
bound O;-X ground state and an excited charge transfer viously examined at longer wpvelengths. All measure-
state X'-O,. The upper state will probably be repulsive nients a.-e consistent with zero cross sectionx, and the
or only very weakly bound. The potentials are similar tipper limits presented include one standard deviation
to the dimer Inn nvodel, except that the asymptotic lim- from) statistical counting error. Limits Weow I ý 10"'
its of the states no longer coincide. The thvrniodynainitc cmi were generally set, although the extreme difficulty
threshold is given by tne dissociation energy (- 0. 3 of produebin more thian a trare of NO'.- N, in the drift

e" for C0Y and - 0. 7 eVr for 0: 11,0) plus the differ, tube' precluded such pirecision for this ion. '/.ro cross
once between the X and 0, ionization potertials. sections are expected for these !iO' cluster Iios front

4 the simple c'harge transfer electrojnic states model. The
For ;zll three ions, there hi evide-nce for a second lws osbetemd~~ictrsodgvnb h

dissociative chinnel at higher p4ho4ton energies. The Of i oiaIr xtetas'btenN n
CO; cross section falls to decreasr in the expected C)

.1synmnetrtcal pattern, xuggesting the possibility of a .iiN.'~ .. 45 a . V epc

4 - sicon-d Prucess at high enterigies. We note that photo. tie.
dissociation ito Co; and Ot2a .) is thermoudynamirally
allowed abosve '3. 0 eV. and may 4 'orreslpotd to the Vp- a Hydoovntur tonst

parent ultraviolet channel. The lov.i! minimumn near As Table If to 41 llust1rates, We ha~v etenrdet! our
4000 A for LX i1,t0 anure clearly suVVortý .2 tw. rhtanrl earlier waeasurvomenOt -n rhe inns 1ý0' (U1.0)4. a - 0
interprk'tatittin. itcre, we notv ti therehtnt I. 2. 3, to -h44rfvrwaieth.Pdscsto
thrrzskolds itor p4'eduction of Mch ".'r or tt, are cros ss'ctions rm'ýtnism 'tth wi ere .std limtt. lelwv*
and 1. 0 VV. reapeittvety, ",:n le"Vtura4nontf spi.etro. t - to*" ef40 were aga~intrte.M. pnsa

v% the owjl agh Pr At "C I s rlardslyttghe ultra. '0

-twtt -1 te 0: --~ Vtf

4b fn.4t 4-ei Vt- 4ýe hlt ýe-.4 t.4 f ý-4 ý.i~ v r

ON.- 4 MA A,. 44; k* !I t.4 0.*fd tots ..
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dissociation cross section at 3500 A indicates any dis- (19721; .1. T. Nloseley. P1. C1. Cosby, and .1. It. Peterson,
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at various wavelengths. 61Iye sources were as follows. ilhotiamine 640 from Eacilon

Also recorded in Table 11 are upper limits measured Ceia ooaieprhoaefo ata oikC.
LLOTc from Excitofl Cheitncal Co. . Nippion Knnkoh-Shiki so.for photodissociation of COCO", discussed earlier, and Kcn'wusho. Jlapan.

N211% One final series of cluster icns of ionospheric 71,* .1%('os[;y. It. Al. Ling. .1. it. Peuterson. andl J. 1T. Moselev.
importance are the alkali ion hydrates such as Na* - H20. .1. C'hum. i'hivs. 65, .267 419761.
According to the simple electrostatic bonding and charge 8L. C. Let- anti G. P'. Smith. .1. Chem. 11hys. (to be published).
transfer state model, which has proved successful for 9K. L.. [tell and A. E. Kingston, I'roe. Phys. Son'. ionmdon 90.
positive cluster ions thus far, no excited states should m95 097)

exis beow eVtheH20 + N liitdue o te vry L. NI. Iiranscomb, S, Ji. Smith, and G. Tisone. .1. ('hem.
exis beow eV theH 2 0 + a lmitdueto he ery Phys. 43. 2191)(I (1%45).

luw sodium ionization potential. II) .Burch, S. J. Smith, and L. MI. Itransco)nb. I'hvs.

Rtev. 112. 171 (195h4.
VI. CONCLUSIONS iIt. A. Ile -ver mid) J. A. V'anderhioff. J. Chenm. I'hys. 65. 2313

(1976).
We have presented data, and set upper limits, on the 11J. -1.Nn and 1). C. Conway, J. (Chem. Phvs. 40, 11729

photodissociatlon cross sections of most positive cluster (1964 .4
ions of atmospheric importance throughout the visible 11.If erzberg, Specrla of Diatom~ic Aillnerkles (Van Nostratzsl,
spectrum. In general, symmetric clusters such as New York. 1950). p). :191.
NONO', and cluster ions of 0*, have large structureless "HA- S. C'oolidge, if. M. James, and IA. 1). Present. J. Chem.
cross sections, while NO* and H30* cluster ions do not Ph'hvs. 4. 19:3 (1936,).
photodissociate below 3. 5 eV. A simple electronic model 16.A. Gisiason. .1. Chem. 11h' s. 58, 34702 (19731).

based ~ ~ ~ ~ ~ ~ ~ ~ ~ ~~~~~J 0: ekeetottcbnig n suoitmc tj . Iiirselifelder. C. F. Curtiss, anid It. It. Bird. Alolecu-base oi. wak lectostticboningand psudoiatmic lay TheorY of Gase's and, Liqu ids (WViie-Y, New York. 1954o.characterization of the electronic states is sufficient to "P. It. Jones, G. NI. Conklin, 1). C. Lorents. and It. E.
account for the observations for both symmetric and Olson, Ph , s. Rtev. A 10, 140? (1974).
asymmetric ions. We will calculate the solar loss rates Ili. r. Mosulev, It. 11. Saxon, IB. A. liuber. 11. C. CosIy,.
via photodissociation for these ions, as well as the neg- It. Aliotaf, anad M. Tadnetiiiiine, J. C'hem. l'hys. 67. 16;59
ative ions studied in this laboratory, and discuss the (197 .
implications for D region ion chemistry in a subsequent *It. Atiouf. I4. A. liubuer. 1). c. Cosby, it. I'. Saxonn, anti J.

paper. 31 ~1' Moseiu v .1. C'hum. P~h 's. 68. 2-196 il[97s4.
paper Ad . Viniierhioff. .1. C'hem. I-hvs. 67, 23132 (19771.

22.Y Ng, 1P. W. 'riediemann, It. 11. Mahan, and, Y. 1'.Lee.ACKNOWLEDGMENTS J. ( hitm. I'h -vs. 66. 39'sC5 (49771.

The uthrs ish o tinkDrs..1.T. osel'e P.C. If. kv KIllis, it. Y. Pal. EK. W. Micfn'.iel. F. A. Mason.The uthos wih t thak fls. .. T Mus~eyP* C .aid L.. A. Vichland, At. l):,4 Nuel. mita Tables 17. 177
Cosby, D). L. Iluestis, R. P. Sax~on, and J. ft. Peterson 171 7i I.
for their advice and a,',istance. Computer services "I'4. M. Mille~r. .1. L.. llividriih. anti 1. T~. Moseley, IX'
used for these measurements were provided through an ICPEAC Ahqlracits of Ppep,*s f(niversity (If Washington.
instrumentation grant from the National Science Found- seattl(I. 197.11. 1,. 7.
ation. This research was supported by the U. S. Army 'AI. 1). I'a~yzant intl 1'. ketiarle. .1. Chem. i'hys. 53. 47231
lleSe:Lrch Office. (944

*7.I.. llIrton, .7. L.. F rankl in,* and It. Miazyeti. J. C'hem.
Ilhvs, 62. 1`7:49(19751.

Ho.4Iward,. V. Mi. itierbau.it 1I. W. Bundle. awl F.
Kaufman. .1. ('hem. 11h 's. 57. 13191 (19721.

'G. 1'. Smith, 11, C. t'osbv~. and) .1. 1'. Noselev. 1. C'hem. G¶7 t; illari,I K. liraxI. .1. L.. Franklin,, F. Bt. Keitd,. J.
7I -ts. 67. :141 11(1977 1. 1'. hutron. and 11. 11. Blosenstock, Nall. Stanti. Ret. D~ata

:L I hota~. ladio Sei. 9. 1214(197,.14, EK. E. Ferguson and F. Svr. Naifl. Btur. 54,.nil, 26 (19419.
F:. 7'elsenfei,4, .1. Ue.Iplvs . lies. 74. '6.13 (1969)J. .7. Ni. "'P. A. Cos4i,v .1. T'. NioseleY , and G.. 11. Smith, J. Chumi.
licii mrl. .1. A. Vatn4,rholt. L.. .1. 1',twkett. and 4'. E. Niles, I hvs. 6 9, 71141 A 197 mi.
44747. it-iport 75711. Aln-rueen P'roving u roulni. Nil) 4 i 974 a, W. It. li endlerson an,) A. t.. Sehineltekogit, .1, Chem, Phvu

.o''rains. AGV 52. 47o1 4l!47ti; F. E. Nules. J. MI. 4litmuivrl. 57. 54.702 41 !72 v,
and) G. WA. Killitr. EOly'rans. .AUI 53. is.: (17ý) "'.1. B. Pvterson. L.. C. iLet. G. P1. Smi4th, 11. C., Cos-li. J,

It; 1.:. iHusch and K. It. Wilso n, .1. C hvi'ii. I'hv . 56 3. 114; T4~ . M~oseley. .1. 4 tk'oih." . Bues. (to he s5thititi,4et).

J9. Chem, Phyi,, Vol. 69, No. 12. 15 Docipnb., 19)8
D-7


